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How to use this book 


This book has been carefully 
developed to help you understand 
the chemistry of the elements. 

In it you will find a systematic and | 
comprehensive coverage of the basic I 
qualities of each element. Each two- 
page entry contains information at 
various levels of technical content and 
language, along with definitions of 
useful technical terms, as shown in 
the thumbnail diagram to the right. 
There is a comprehensive glossary 

of technical terms at the back of the 
book, along with an extensive index, 
key facts, an explanation of the 
periodic table, and a description of 


The main text follows the sequence of ; 
information in the book and summarizes Technical 
the concepts presented on the two pages. definitions. 








Substatements flesh 
‘out the ideas in the 
main text with 
more fact and 
specific explanation. 


Equations are 
written as symbols 
and sometimes 
given as “ball-and- 
stick” diagrams — 
see page 48, 











how to interpret chemical equations. Also... explains 


advanced concepts. 


Photographs and diagrams 
have been carefully selected 
and annotated for clarity. 
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Introduction 
An element is a substance that cannot be broken down into a 
simpler substance by any known means. Each of the 92 naturally 
occurring elements is therefore one of the fundamental materials 
from which everything in the Universe is made. This book is 





about the element sulfur. 


Sulfur 
Sulfur is a bright yellow, tasteless solid and a very reactive 
element. It is found in a wide range of minerals and is one of the 
products of a volcanic eruption. Perhaps this is why many people 
of previous centuries associated sulfur (also known as brimstone) 
with the unpleasant afterlife known as Hell. In the New 
Testament, Hell is described as a “lake that burns with 
fire and brimstone.” 

The pure element sulfur has always been thought to 
have strange properties. A spinning ball of it was used 
in one of the world’s first demonstrations of static 
electricity. It was found that when the ball was 
touched by a hand, the ball began to glow. 

The element sulfur is a nonmetal and 
will not dissolve in water. The pure 
element sulfur has very little 
smell. The smell you might 
associate with sulfur — bad 










eggs — is actually a compound 
of sulfur, the gas known as 
hydrogen sulfide. Sulfur e 
compounds are also responsible for 
the smell in garlic, mustard, onions 
and cabbage. A sulfur compound 
even gives skunks their ferociously 
powerful and long-lasting smell. 











Indeed, sulfur is a part of all living tissues. Sulfur is fixed 
into proteins in plants and acquired by animals who eat the 
plant materials. 

Despite all of the unfortunate connections, sulfur 
has long had a beneficial medicinal role. It was used both 
externally, in the form of ointments for the skin and vapors, 
to fumigate diseased places, or internally as the medicine called 
brimstone. “Brimstone and treacle” was commonly used in 
Victorian times, and was made famous in the stories of Charles 

Dickens. In the modern world the group of drugs known as 
sulfa drugs are used as antimicrobials, one of the more 

important groups of medicines available today to cure 

infections of the digestive system. 

Because sulfur occurs in all living things, it may 
be concentrated as tissues decay. This is why sulfur 
is a common (and unwelcome) component of coal, 
oil and, to a lesser extent, natural gas. 

When these fossil fuels are burned, sulfur 
forms a range of gases, including sulfur 
dioxide, which may cause acid rain. 

Sulfur dioxide is an important 
gas. As well as forming acid when 
* dissolved in water, it is a bleaching 
agent used in many industrial 
processes. 

The main use of sulfur in large 
volumes is to produce sulfuric 
acid, a major starting material in 
the production of many fertilizers. 

















<4 Crystals of amber-colored orthorhombic sulfur 
set ona rock groundmass. The other common variety, 
monoclinic sulfur, is shown on page 10. 
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Properties of sulfur 


Native, or pure, sulfur is a soft, yellow, 
crumbly material. By heating it, many of the 
special properties of this element are clearly seen. 


D> The “buckled” ring 


structure of a molecule la ay 
of one form of sulfur, ~ 
as seen from the side os a ag iN / 


and above. Ke ees 


@P Sulfur is 


usually found in 

















a laboratory as a 
crumbly yellow 
powder. This is the 
starting material for 


the demonstrations \ 
on this page. ¥ 


O <4 Sulfur melts at 115°C. Despite this low 
melting temperature, it takes a long while for 
all of the sulfur to melt because sulfur is a poor 


conductor of heat. 






©P Molten sulfur is an amber liquid 
that is quite runny (mobile). The reason 
for this is that sulfur atoms clump into 
“buckled” rings, each containing eight 
atoms. The energy of heating allows the 
rings to spread apart enough to slide 
over each other. 

To imagine how this works, think of 
a can of spaghetti-rings. When cold, the 
contents of the emptied can will stand 
up in a saucepan (they act as a solid); 
but when heated, the rings start to 
slide around. 











@P When more heat is 
applied, the sulfur darkens 

and the liquid becomes stickier 
(more viscous). When it reaches 
187°C, the tube can be turned 
over and the liquid will not 
move. The extra heating has 
ruptured the rings, and they 
have formed into chains that 
are now entangled. (Compare 
the entangling to strands of 





spaghetti that have been 
stirred vigorously.) 


opr Heat even further (to 444°C) and 

the sulfur turns black. The liquid becomes 
mobile again because it has reached its boiling 
point. The extra heat energy has ruptured the 
chains, and they now lie in short lengths that 
can ea 





sily move about. (Compare this to 





chopping up the strands of spaghetti.) 


OV The liquid can now be poured 
into cold water. Pick it out of the water, 
and it can be stretched like rubber. 

The “crash cooling” has taken energy 
away quickly, causing the sulfur to form 
enormously long chains. As it is pulled, 
it gets back some energy and returns to 
rings, gradually turning back to a solid. 








melting point: the 
temperature at which a 
substance changes state 
from a solid to a liquid. 
It is the same as 
freezing point. 


viscous: slow-moving, 
syrupy. A liquid that 
has a low viscosity is 
said to be mobile 





















Y@ VW Part of achain 


\ of “plastic” sulfur. 
SS 


<4 “Plastic” \ 
sulfur being 

drawn out 

into “strings.” \ 


Also. 


When the vapors of boiling 
sulfur are cooled, they 





condense to form “flowers 
of sulfur,” a mixture of 
several kinds of sulfur. 











The origin of sulfur 


Sulfur is thought to have been made in the 
stars as enormous temperatures and pressures 
caused elements of lower atomic weight to 
fuse together. ‘ 

Native sulfur is formed in many 
environments associated with volcanic activity, 
and the characteristic bright yellow sulfur 
crystals can be seen in many rocks surrounding 
volcanoes as well as in the rocks formed near 
geysers. Sulfur is found in most of the Earth’s 
rocks, often as a sulfide, as well as in small 
amounts in all living tissue. It is also associated 
with salt domes. 





Undersea volcanic activity 

Many of the world’s volcanoes erupt under 
the deep oceans along lines where the Earth’s 
crustal plates split apart. At these places water 
seeps into the rocks and combines with the 
sulfur gases rising from the magma below 
the ocean floor. This produces eruptions 

of superheated acidified water that can also 
contain dissolved elements such as iron, zinc 
and copper. Flows of such water are called 
hydrothermal vents. 

As the water flows out into the cold ocean, 
the cooling hydrothermal water can hold less 
and less sulfur in solution, and the sulfur starts 
to crystallize out. Over time, vents can 
become the sources of vast deposits of sulfur 
compounds called sulfides. The sulfides are 
compounds with other elements such as 
copper and iron, and as such provide 
potentially vital sources of metal ore. 


Also... 


In the deep reaches of the ocean, a wide range of 
living creatures depends on sulfur for life. These places 
have little oxygen, but a wide variety of sulfur-using 
bacteria have evolved that make their tissues using 
sulfur instead of oxygen, These form the basis of 

a food chain that includes worms and clams. 































<4 The crater of Mt. Pinatubo. 
Sulfur can help predict an 
eruption. When a volcano is 
about to erupt, it produces 
more of the gases that will 
eventually burst forth, such as 
sulfur dioxide. Detecting an 
increase in sulfur dioxide 
emissions was one of the factors 
that led to the prediction of 
the Mt. Pinatubo eruption in 
the Philippines in 1991 and the 
eruption of Mt. Unzen in Japan. 


> Venus 
Sulfur is common on other 
planets in the Solar System 
besides Earth. For example, 
the main materials making 
up the atmosphere of the 
planet Venus are sulfuric 
acid droplets and particles 
of solid sulfur. 





hydrothermal: a process in 
which hot water is involved. 

It is usually used in the context of 
rock formation because hot water 
and other fluids sent outward 
from liquid magmas are important 
carriers of metals and the minerals 
that form gemstones. 


ore: a rock containing enough of 
a useful substance to make mining 
it worthwhile. 


sulfide: a sulfur compound 
that contains no oxygen 
(e.g., iron sulfide — FeS). 





Sulfur and salt 

Salt (sodium chloride) deposits are among 
the most common materials left behind 
after the evaporation of lakes in deserts. 
But along with the salt, other minerals 
are deposited, including calcium sulfate 
(see page 13). It is thought that sometimes 
the calcium sulfate was decomposed by 
bacteria, forming limestone and releasing 
native sulfur, which then formed veins 
within cracks in the limestone. This is 

a very valuable, concentrated resource, 
which can be melted out of the limestone 
using the Frasch process, described on 
page 17. Suitable domes of sulfur have 
been found in the rocks below the Gulf 
of Mexico, the Red Sea and Germany. 


<4 Pure sulfur collects on rocks near 
the geysers of Rotorua, New Zealand. 














Crystals of sulfur 


Sulfur provides striking and colorful crystals. 
All crystals form in one of seven categories, known 















as the crystal systems. Some elements, such as sulfur, 
can form crystals in more than one crystal system. 

Sulfur produces bright yellow crystals in the 
monoclinic system (in which crystals look like double- 
ended chisel blades) and amber crystals in the rhombic 
system (in which crystals look like three-dimensional 
parallelograms, like a matchbox, the base of which has 
been fixed while its top has been pushed sideways). 

Brimstone is also pure sulfur, but it is not in crystalline 
form. It is formed as bacteria consume hydrogen sulfide 
gas in environments with no oxygen. 


A To produce these beautiful monoclinic, chisellike crystals, sulfur was dissolved in hot methyl 
benzene and the dissolved yellow solution allowed to cool. A hot solution can contain more 
dissolved material than a cool solution, so as the solution cools, it reaches a temperature at 
which the solution cannot contain any more sulfur (it is a saturated solution) and some of the 
sulfur begins to form into a solid. The growing crystals act as a focus for the deposition of 
more sulfur in the cooling liquid, so the crystals continue to grow. 








can be grouped. They are: cubic, hexagonal, 
rhombohedral, tetragonal, orthorhombic, 
monoclinic and triclinic. 


cubic crystal system: groupings of crystals 
that look like cubes. 


monoclinic system: a grouping of crystals 
that look like double-ended chisel blades. 


saturated: a state in which a liquid can hold 
no more of a substance. If any more of the 
substance is added, it will not dissolve. 


bh J crystal systems: there are seven patterns or 
Tee systems into which all of the world’s crystals 





A 4-49 Sulfur crystals form in two of 

the crystal systems, monoclinic and rhombic. 
Those to the left are rhombic crystals of 
sulfur. Another way to identify them is by 
their color: rhombic crystals have an amber 
coloring; monoclinic crystals (such as those 
on the far left and below) are bright yellow. 























Minerals containing sulfur 


Sulfur, being a reactive element, occurs 

in combination with a wide range of other A ee 
elements. Most of these compounds are 

sulfides, often known as pyrites. If the ‘ 


compounds also include oxygen, they 


are known as sulfates. y 
Most sulfides feel heavy because they 


contain heavy sulfur atoms densely packed A Many crystals can form part of the 
cubic crystal system. Pyrite normally 
forms simple cubes, as shown above. 


inside the minerals. Most of the sulfides are 
either brassy-colored or dark, and some are 
very distinctive. For example, cadmium 
sulfide is bright orange (page 25). 

Pyrite (iron sulfide) is perhaps the best 
known of the sulfides. Pyrite can be used 
as an iron ore (a rock that contains useful 
amounts of metal). Other main sulfur ores 
include galena (lead sulfide), sphalerite (zine 
sulfide) and chalcopyrite (copper sulfide). 

Many of the world’s most important ore 
bodies are sulfides. The huge open pit mine 
at Bingham, Utah — claimed to be the world’s 
largest man-made hole — has been dug into 
veins of copper sulfide. The molybdenum 
mine at Climax, near Leadville, Colorado, 
is also made from many veins of sulfide ore. 
When at its peak, it produced 80% of the 





entire world’s supply of molybdenum. In A Lead sulfide, or galena, is a common 
3 a mineral found in places that have 
Sudbury, Ontario, Canada, there are also experienced volcanic activity. It is 
: ee bt ee 7 associated with zones from which miners 
large deposits of copper and nickel sulfides. collect other ores such as silver and tin. 
Sulfur is also found in calcium sulfate Iris easily spotted by its dark gray cubic 
a . (box-shaped) crystals. It is also found in 
(as gypsum — used for Plaster of Paris and limestone and dolomite rocks through 
ha ’ pol ~ which heated waters have passed. 
wall boards) and barium sulfate (as the Galas SOREL 
very heavy mineral barite) ; rubbed against a surface, it leaves a gray 
y 


streak of color, showing its lead content. 
It is a very heavy mineral and the main 
source of lead for the world’s industries. 


(12) 








Pyrite cubic crystal system: groupings of 


This is the most common mineral containing sulfur. It has a brassy color crystals that look like cubes. 
that resembles gold, and for this reason it has been called “fool's gold.” ; x, 
Some prospectors were fooled into believing they had found a rich monoclinic system: a grouping of 
vein of gold when they had found a vein containing pyrite instead. crystals that look like double-ended 
It is, however, much less dense than gold and much harder. chisel blades 
The darker form of pyrite is called marcasite. A ph isis at 
Pyrite will react with oxygen in moist air so a pyzite “mineral of fire.” T his Tame 
that the bright surface of a newly exposed & > comes from the fact that pyrite (iron 


pyrite quickly becomes dull and then sulfide) will give off sparks if struck 
changes to a fine gray powder. 
Pyrite is found abundantly in 
connection with hot volcanic 
waters on the ocean floor, 
but is also formed close to 
places where the liquids # 
associated with volcanic Re Fis 
eruptions force their way : 


into the surrounding rocks. 


with a stone. 


\ sulfate: a compound that includes 
sulfur and oxygen, for example, 
calcium sulfate or gypsum. 





YV Copper sulfide ore. 
















P Pyrite. 
¥ A diagrammatic ; y 
representation of the Re dh, 


cubic structure of pyrite. 


Iron ions 


<4 These are desert 
roses, made from 
calcium sulfate or 
gypsum. The crystals 
of this mineral look a : 
bit like rose petals, hence 

its name. The monoclinic 
crystals give it a different 

look than the more blocklike 
cubic crystals of pyrite. 





















Reactivity of sulfur 
tivity of sulft 
Sulfur is one of the most reactive 
of all the elements. This is why 
sulfur will react with most metals 
(in the absence of air) to form 
sulfides and why many sulfur 
compounds are sulfides. 

Sulfur will also react with 
oxygen in the air (a piece of 
iron sulfide left lying around will 
eventually change to iron sulfate) 
and will readily burn in oxygen 
to produce sulfur dioxide gas. 

In this demonstration, some 
sulfur powder is placed on a 
suitable metal holder and ignited 
in air. It is then introduced into 
a gas jar filled with oxygen, where 
it burns with a blue flame. 


@P Some powdered sulfur, oxygen in a gas 
jar and a deflagrating spoon (a metal spoon in 
which sulfur is burned). Notice that the 
deflagrating spoon has a metal disc above it in 
order to protect anyone holding the spoon 
while the sulfur is burning. The disc also 


serves as a support for holding the spoon on 





the middle of the gas jar (as to the right). 


Also... 


Deflagration is the old word for 
combustion, hence “deflagrating spoon.” 





Oxygen 
Sulfur 
EQUATION: Burning sulfur in air 7 
Sulfur + oxygen © sulfur dioxide Ed 
S(s) + O,(g) a SO,(g) 
fies 








combustion: the special case of oxidization of a substance in 
which a considerable amount of heat and usually light are 
given out. Combustion is often referred to as “burning.” 


@<¢ The sulfur is ignited in air and then introduced 
to the oxygen, where it burns with a bright blue flame. 


Burning sulfur compounds 
When sulfur or sulfur-containing compounds are burned, 
as the 





the reaction always produces sulfur dioxide g; 
example equation below shows. This can be a major 


problem for the iron- and copper-refining industries as 





well as for power stations burning sulfur-rich coal or oil. 


EQUATION: Burning sulfide ore 


Iron sulfide + oxygen © iron oxide + sulfur dioxide 
4FeS(s) + 7O,(g) © 2Fe,O;(s) + 4S8O,(g) 






Cubic crystals 
of pyrite 


AP Pyrite (iron sulfide) often 

occurs in brassy-colored cubic crystals 
(see page 13). However, all sulfides 
form in the absence of air. Sulfur reacts 
so readily with oxygen that when it 

is exposed to the air, especially damp 
air, the crystals quickly oxidize to iron 
sulfate. The glass jar on the right, for 
example, once contained perfect cubic 
crystals, but these have now oxidized 
to gray iron sulfate and therefore fallen 
apart. For this reason, if you want to 
keep samples of pyrite that you might 
have collected, they should be protected 
from contact with damp air. 





EQUATION: Weathering of pyrite (iron sulfide) in damp air 


Iron sulfide + water + oxygen © iron sulfate + sulfuric acid 
2FeS3(s) + 2H,O(l) + 7O2(g) © 2FeSO,(s) + 2H,SO,(aq) 
aa 
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Extracting sulfur 


For centuries it was commonplace to 
collect sulfur by lowering people down 
the inside of volcanoes in baskets so they 
could scrape the sulfur off the walls of 
the vents. Needless to say, this was not 
a very popular occupation. 

The main technique used to recover 
sulfur from buried deposits of native 
sulfur, such as those associated with salt 
domes (see pages 8 and 9), relies on the 
fact that sulfur has a low melting point, 
while at the same time being insoluble 
in water. 

Superheated water (raised to a 
temperature of about 165°C) is pumped 
underground through a pipe. Inside this 
pipe are two smaller pipes. Compressed 
air is pumped down the central pipe, 
and a frothy mixture of liquid sulfur, 
water and air is pushed up through the 
remaining pipe. This system is called the 
Frasch process, named for its inventor 
Herman Frasch, an American chemist 
who devised the process in 1891. 

Most sulfur mined by the Frasch 
process is transported as liquid in 
insulated railway cars and ships 
and taken to sulfuric acid plants. 


Sulfur from pyrites 

In the past, many sulfide-rich ores have been 
roasted, not to recover the metals but to produce 
compounds of sulfur. The roasting of pyrite 
produces sulfur dioxide gas, which can then 

be converted to sulfuric acid (see page 26). 








Sulfur from fossil fuels 
Although natural gas has a lower 
sulfur content than the other fossil 


fuels, it is still important to recover 
that sulfur and prevent pollution. 

The sulfur is obtained by reacting 
hydrogen sulfide contained in the 
natural gas with oxygen. This produces 
sulfur dioxide gas, which can then be 
made into sulfuric acid by reacting the 
sulfur dioxide with oxygen and water. 








(16) 








A Sulfur is dried and 
stored before use. 


P The Frasch process of sulfur 
extraction involves pumping 
superheated water (water under 
pressure and heated to above 
100°C) into a sulfur-bearing 
deposit. The sulfur does not 
react with water, so when it is 
pumped up to the surface, the 
result is a suspension of sulfur 
in water. Another word for 
suspension is a mixture. 


Sulfur as a byproduct 
All fossil fuels, as well as many metal ores, produce large volumes 
of sulfur-containing gas when they are heated. For a long time natural 
gas has been the main source of non-Frasch sulfur, because the sulfur 
had to be removed before the gas could be sold. Other producers of 
sulfur gases simply released them to the air. 

With the tightening of regulations for the emission of sulfur, much 
of the sulfur required 
fuels by “scrubbing” 


for modern industry is now recovered from fossil 
the smokestack gases as they rise up from power 





stations and metal refineries that burn copper and lead sulfide ores. 

Not only does this collect sulfur efficiently, but it reduces the amount 
of acid rain in the atmosphere. The extra production of sulfur from 
these sources has coincided with an increase in demand for sulfur for 
making fertilizers. 


Compressed air 





Sulfur 











Superheated water 


iRreranelhnanincaayets 
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Sulfur deposit Area of extraction 





a7) 











Sulfur dioxide 


Sulfur dioxide is one of the most 
important sulfur gases. It is a 
dense, colorless gas with a choking 
(pungent) smell. 

In large concentrations sulfur 
dioxide can cause suffocation, while 
even small amounts can combine 
with water droplets to make acid 
rain. For these reasons, sulfur dioxide 
is regarded as a health hazard. In 
addition it is partly responsible for 
harming vegetation and corroding 
limestone buildings. 

Sulfur dioxide is a pollutant 
but also has many valuable uses. 

For example, it is a very good 
bleaching agent, and many factories 
producing paper and textiles rely 





Preparing sulfur dioxide in the 
laboratory 
Sulfur dioxide can be prepared by burning 


on it. Sulfur dioxide is also used 
in food warehouses because it is 
helpful in preserving both fruit 
and vegetables. 


sulfur in oxygen as shown on pages 14 and 
15, but more usually it is made by adding 
dilute sulfuric acid to a salt of sulfurous acid 
called a sulfite. Sulfites are generally used as 
bleaching agents. 





EQUATION: Preparation of sulfur dioxide gas from a sulfur salt 


Sulfuric acid + sodium sulfite > sulfur dioxide + sodium sulfate + water 
H,SO,(aq) + Na ,SO;(s) it SOx(g) + NaSO,(aq) + H,O() 


Properties of sulfur dioxide gas 
Sulfur dioxide is an acidic gas, that is, 


Making use of sulfur dioxide 

Sulfur dioxide can be used to produce sulfuric acid, 
a chemical used in fertilizer production. Some of 
the sulfur dioxide created by power stations is now 
recovered from the smokestacks rather than 
released into the environment (see page 22). 


when dissolved in water, a weak acid 

is produced, called sulfurous acid. 
Sulfur dioxide is a reducing agent 

and will take oxygen from other 

substances. As a result, it can act 

as a bleach (see page 20). 


Sulfur dioxide can also be used as a bleaching 
agent because of its reducing properties. It is used 
to bleach wood pulp in making paper. 





(8) 





acid: compounds containing hydrogen that can attack and 
dissolve many substances. Acids are described as weak or 
strong, dilute or concentrated, mineral or organic. 


<4 Acid rain is 
responsible for 
damage to trees on 
already acid soils. 


§ strong acid: an acid that has completely dissociated 





(ionized) in water. Mineral acids are strong acids. 


weak acid: an acid that has only partly dissociated 
= (ionized) in water. Most organic acids are weak acids. 








_ EQUATIONS: The reactions in the creation of acid rain 
_ Stage 1: Sulfur dioxide gas emissions created by 
| burning sulfur-containing impurities in petroleum 











_ Hydrogen sulfide + oxygen > water + sulfur dioxide 
4 2HS(g) + 30,(2) © 2H,00) + 2SO,(g) 


: 


Sulfur 
Hydrogen 


“dab - 





How sulfur dioxide in air makes "Stage 2: Creating sulfur trioxide 
acid rain _ Sulfur dioxide + oxygen => sulfur trioxide 
When sulfur dioxide dissolves in water, BH 280.2) + O,(g) re 2SO3(g) 





the result is sulfurous acid. This is part 

of the environmental problem called acid 

rain (see page 22). But sulfur dioxide is 

also oxidized by oxygen in the air to 

make sulfur trioxide. When sulfur trioxide =P se 
dissolves in raindrops, it produces the 

strong acid sulfuric acid, which has a far 

more severe impact on the environment 

than the weak sulfurous acid. 


© Stage 3: Dissolving sulfur trioxide in raindrops 





:: Sulfur trioxide + water = sulfuric acid 
+ H;O0(0) © —H,SO,(aq) 


rom ; 
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Sulfur dioxide as a bleaching agent 


Any chemical that makes a material brighter 
and makes stains invisible is called a bleach. 
Bleaches also kill bacteria. 

A bleach removes stains by reacting with , 
the stain, making it colorless. Bleaches work 
either by adding oxygen to or removing 
it from the stained material. The colorless 
product is often more soluble and so is also 
more easily removed by detergents. 

A number of sulfur-based products are 
used on a large scale for industrial bleaching. 
Sodium peroxydisulfate is used as a domestic 
bleach for home laundry applications because 
it is safer than chlorine-based bleaches on 
delicate textiles. It is an example of a bleach 
that oxidizes the staining material. 

Sodium sulfite and sulfur dioxide are used 
as industrial bleaches, especially for wood 
pulp. They act in the opposite way, reducing 
materials by removing oxygen from them. 





A White bread is made with 
flour that has been bleached 
using sulfur dioxide. Some 
brown bread also uses 
bleached white flour that has 
subsequently been dyed. 


Colored dye + sulfurous acid 
(sulfur dioxide + water) react 


to yield colorless dye + sulfuric acid 


Bread bleach 

Sulfur dioxide is not a strong 
bleach and so can be used to 
bleach silk, wool and even flour 
(white flour for white bread). 
Sulfur dioxide will work on 
most dyes containing oxygen. 

In this case the sulfur dioxide 
acts as a reducing agent taking 
oxygen from the dye and making 
it colorless. But note that this 
process is reversible. The dye 
gradually picks up oxygen from 
the air and becomes colored 
again. This is why, for example, 
straw hats that were white 

when new gradually turn yellow 
(the original color of the straw 
containing natural dyes). 








Sodium 


<4 In sodium 
peroxydisulfate two 
oxygen atoms are 
joined by a weak 
bond that is easily 
broken. Such 
compounds are 
reactive and can act 
as oxidizing agents. 


Weak bond 


















oxidizing agent: a substance that 
removes electrons from another substance 
(and therefore is itself reduced). 


reducing agent: a substance that gives 
electrons to another substance. Sulfur dioxide 
is a reducing agent used for bleaching bread. 








AP These pansies show 
the effect of sulfur dioxide 
bleaching. A purple pansy was 
exposed to a sulfur dioxide 
atmosphere for two minutes and 
then put back in water, where it 
turned yellow. If it had been 
subjected to an even longer 







exposure, it would have turned 
completely white (colorless). 
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Sulfur dioxide and the environment 


The oxides of sulfur (sulfur dioxide, sulfur 
trioxide) are often referred to as “SO,” for 
short. Sulfur dioxide is produced naturally 
when volcanoes erupt and when forests catch, 
fire or vegetation decays. 

But in our industrial world about as much 
sulfur dioxide is produced by industry (some 
150 million tons a year) as from natural 
processes. This means that instead 
of a natural amount of 10 parts per billion of 
sulfur dioxide in the air, the modern world 
experiences 20 parts per billion. In cities, 
on calm, foggy days, this level can rise to 
over 100 parts per billion, well within the 
zone of danger to health. 

Polluting sulfur dioxide is produced when 
sulfurous fossil fuels are burned, so the main 
contributors are coal and oil-fired power 
stations and home heating systems. Natural 
gas is increasingly being used as 
a power station fuel because it contains 
relatively little sulfur. The fraction of 
petroleum used for making gasoline also has 
little sulfur, which means that vehicles are 
not major producers of sulfur-based gases. 


> A power station using brown coal 
(lignite). The clouds coming from the 
cooling towers are harmless water 
vapor. The polluting materials come 
from the tall chimneys (smokestacks). 
Traditionally, such chimneys were built 
tall to disperse the sulfur dioxide 
coming from them. Now most such 
power stations have “scrubbers” built 
into the chimney system to remove the 
sulfur dioxide. As a result, what is 
emitted from chimneys is now mostly 
particles of soot and carbon dioxide gas. 


Smoke and sulfur dioxide 

Smoke is a mixture of both small solids and 

gases, one of the most important of which is 

sulfur dioxide. When sulfur dioxide is breathed 

in, the gas combines with the water in the mouth 

and throat, adding to the acidity of these areas 

and often causing irritation. In higher 

concentrations it can cause sore throats. 
However, when smoky fumes are breathed 

in, some of the sulfur dioxide is condensed on 

the tiny smoke particles, and in this form it can 

be breathed right down into the lungs before 

it combines with water and turns into an acid. 

Here it can cause breathing problems and 

(like smoking) can also be a cause of lung cancer. 
The world’s most famous smoky fog, 

in which smoke particles and sulfur dioxide 

were present in high concentrations, was the 

Great London Smog (smoky fog) of 1952, when 

nearly 4,000 people died in five days as a result 

of the suffocating air. This famous episode led 

to new laws in most industrial countries designed 

to keep levels of sulfur dioxide in the air under 

control. For example, smoky coals can no longer 

be burned in most city hearths or used to fuel 

boilers. Instead “smokeless” fuels must be used. 


Also... 


One of the most important catalysts in the 
air is an exhaust gas of vehicles, nitrogen 
dioxide. Sulfur dioxide will not naturally 
react with oxygen in the air, but nitrogen 
dioxide combines readily with sulfur 
dioxide to make the sulfur trioxide that 
will combine with raindrops to make 
sulfuric acid, which then falls as acid rain. 
During the reaction the nitrogen dioxide 
gives up some oxygen, but it 
can immediately get this back from the 


surrounding air, so in the end, no nitrogen 
dioxide is used up at all. 














| acidity: a general term for the strength of an 
acid in a solution. 


§@ smoke: a mixture of both small solids and gases. 


Electrostatic precipitators 

Many new power stations are being built 
with electrostatic precipitators built into 
the chimney system. An electrostatic 
precipitator uses static electrical charges 
to cause sulfur particles to be 
precipitated from the flue gases. This 
leaves the exhaust cleaner and less liable 
to cause acid rain. The sulfur collected 
can be used for other purposes (see pages 
18 and 19), thus providing a way of 
offsetting the cost of the equipment. 

4 These are electrostatic precipitators fitted to a new 
1000 MW power station in India to remove the sulfur 


from the exhaust gases. The electrostatic precipitators 
are in the foreground of the picture. 





_ EQUATION: Removing sulfur dioxide from power station 
i exhausts with sodium hydroxide 
"Sulfur dioxide + sodium hydroxide > sodium sulfate + water 


> $O2(g) 3 2NaOH (aq) Q Na.SO3(s) + H,O(1) 





4 gf 


Sodium ¢ P| 
Sulfur ade é : me 





Oxygen Hydrogen oa 


Pollution that crosses borders 

Sulfur dioxide is a gas, so it can be carried large distances from where it is produced. This 
means that, for example, sulfur dioxide released by power stations in one place can carry 

for thousands of kilometers downwind, where it might combine with water droplets in a 
cloud and cause acid rain that harms trees. 

In the most extreme cases, pollution caused in one country can cause acid rain damage 
in another country. This is most likely to be the case in both Europe and North America. 
In Europe the coals used in power stations in eastern Europe have produced pollution that 
has killed trees in the Black Forest of Germany; pollution produced in Britain may have 
harmed forests in Norway and Sweden and pollution caused in the northeastern United 
States and southeastern Canada has harmed forests in eastern North America. 
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Hydrogen sulfide 


Hydrogen sulfide gas burns with a blue 
flame. It is a reducing agent, taking oxygen 
from some of the compounds with which 
it reacts. 

It is poorly soluble in water, but when 
dissolved will produce a solution of 
hydrogen sulfide with a smell of bad eggs. 

When hydrogen sulfide reacts with 





other compounds to produce new sulfide ‘Lic ne aaa Wace cline ences 

compounds, they are characteristically joo Ppa: of lead sulfide (the mineral form 
: a ¢ of this is galena). 

black in color (the exceptions are pyrite, ¥ Gobi eainde 









which is yellow, and cadmium sulfide, 
which is orange.) Precipitating black lead 
sulfide from a solution of a lead salt by 
passing hydrogen sulfide over it is used 
as a laboratory test for hydrogen sulfide. 


Preparing hydrogen sulfide in the laboratory 
Hydrogen sulfide is normally prepared by adding dilute 
hydrochloric acid to iron sulfide. 


EQUATION: Preparing hydrogen sulfide 
Dilute hydrochloric acid + iron sulfide => ferric chloride + hydrogen sulfide 





2HC\|(aq) + FeS(s) q FeClh(aq) + H,S(g) 
Chlorine Sulfur & 
Hydrogen ~ 
3 : 
a 
\ J 
8 A hydrogen sulfide 


molecule 
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pyrite: “mineral of fire.” This name comes from the fact that 
pyrite (iron sulfide) will give off sparks if struck with a stone. 


substance. Sulfur dioxide is a reducing agent used for 


reducing agent: a substance that gives electrons to another 
bleaching bread. 


Hydrogen sulfide smells like rotten eggs 

Hydrogen sulfide is present in natural gas and is 

also produced during the decay of dead material in 

the absence of water. This is one reason that some 

decaying remains and stagnant waters have a bad smell. 
Hydrogen sulfide smells like rotten eggs. The odor 

occurs when the proteins of dead tissue that contain 

A Nickel sulfide sulfur begin to decompose. 





Y Cadmium sulfide 





Tarnishing 

Hydrogen sulfide is the polluting gas that reacts 
with silver in the atmosphere to produce black 
tarnishing (silver sulfide) on silverware. 





Poisonous hydrogen sulfide 
Hydrogen sulfide is a highly poisonous gas, which, 
because it has no color, can only be detected by 


Also... 


Many fossil fuels contain sulfides, which 
are soluble in water. As water seeps into 


its smell. In fact, all the gases of sulfur (SOx) are mine workings, it dissolves the sulfides 
poisonous, and most have unpleasant, choking odors. and may subsequently find its way into 
Because SOx gases quickly paralyze the nerves in groundwater or streams, where it can 
i aa cause widespread and serious pollution. 
the nose, their smell soon appears to go away. This is Tinta Uae NEARER Mae 
very dangerous effect because it encourages people to active mines has to be carefully treated 
remain in contact with the gas rather than move away. before being discharged. 


EQUATION: Removing sulfur-containing impurities such as 
hydrogen sulfide from petroleum with sodium hydroxide 


Hydrogen sulfide + sodium hydroxide > sodium sulfide + water 
HS(g) +  2NaOH(@q) © NasS(s) + 2H,0() 
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Sulfuric acid 


Sulfuric acid, a colorless, thick, heavy and 
“oily” liquid, is one of the most common 
acids used in industry and the laboratory. 
It is a strong mineral acid. 
Dilute sulfuric acid will react with 
most metals to form sulfate compounds 
and release hydrogen gas. It reacts with 
bases to form sulfates and water only. 
Concentrated sulfuric acid is also a 
dehydrating agent, so that it will remove 
water from other compounds. For example, 
if a piece of sugar is placed in sulfuric acid, 
it becomes a black lump of carbon, as all the 
water is removed from the sugar molecules. 
If sulfuric acid touches human skin, the 
molecules in the skin immediately begin to so arodicoa suite ot Retresaaeeaee 
lose water. This is an acid burn. hydrogen gas. 





A Sulfuric acid reacts with metals such as zinc 


EQUATION: Reaction of dilute sulfuric acid and zinc metal 
nleok Sulfuric acid + zinc © zinc sulfate + hydrogen 
When water and a H,SO,(aq) + Zn(s) © ZnSO,(aq) + H,(g) 


concentrated acid mix, 
a huge amount of heat is 


given off. Water should A dehydrating agent 


never be added to : 
ie tomne The demonstration on these two pages 
concentrated acid. 


Ratherstheued should shows how water can be removed from 






be stirred slowly into the sugar by dehydration using sulfuric acid. 
water. If water is added 

to the acid, the water 

boils as it enters the acid, 

causing it to splash out @P A layer of sugar 
much like hot fat in a 
fryer, The result could 
be dangerous acid burns. 


is placed in a beaker, 
and concentrated 
sulfuric acid is added. 


EQUATION: Dehydration of sucrose using concentrated sulfuric acid 
Sucrose + sulfuric acid steam + carbon + sulfuric acid 
CHO}; (8) + H2SO,4() © 11H,O0(g) + 12C() + HjSO,(aq) 
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corrosive: a substance, either an acid or an alkali, 
that rapidly attacks a wide range of other substances. 


mineral acid: an acid that does not contain carbon 
and which attacks minerals. Hydrochloric, sulfuric 
and nitric acids are the main mineral acids. 


strong acid: an acid that has completely dissociated 
(ionized) in water. Mineral acids are strong acids 





OAOYV The sugar will turn 


yellow, brown and finally black 





QA Suddenly the surface will bulge up and crack. 
By now so much heat is given out that much of the 
surplus water produced by the reaction will form 
steam, but the steam bubbles are trapped in the sticky 





carbon and they simply expand in the “goo,” making 





it frothy. When it sets, it is like a piece of coke. 
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Manufacturing sulfuric acid 


More sulfuric acid is made than almost any other substance. 
This is because the acid is useful in making so many other products. 

Sulfuric acid is made by reacting sulfur dioxide with oxygen 
and water. Sulfur dioxide is obtained either from hydrogen sulfide 
in natural gas or as pure sulfur is burned in air. It may also be collected 
from power station smokestacks. 

Sulfur dioxide reacts only slowly with oxygen, so the process is made 
quicker by reacting the substances at a high temperature (500°C) and in 
the presence of a catalyst. The catalyst used in this reaction (called the 
Contact process) is a material called vanadium pentoxide. 

Sulfur dioxide and air are forced through a tower containing the 
catalyst in the form of pellets. The sulfur trioxide gas then flows into 
a tower containing quartz bathed in a circulating bath of sulfuric acid. 
As the gas dissolves in the sulfuric acid, the acid becomes more 
concentrated, and some is drawn off and diluted. 

The gas is not added directly to water because this would give 
off too much heat energy and make the water evaporate. 


The Contact process 
Sulfur dioxide and oxygen are brought 
together in a converter containing vanadium 
pentoxide. Usually more than one stage of 
conversion is needed. The reaction produces 
heat. If the reacting gases get too hot, they 
stop reacting, so the gases are led from one 
converter, cooled and then fed into another. 
Up to four stages of this conversion are 
needed. By this time nearly all of the sulfur 
dioxide has been converted to sulfur trioxide. 
The absorber is a tank of sulfuric acid that 
absorbs sulfur trioxide, concentrating the 
sulfuric acid even further. Some of this liquid 
can be drawn off and diluted as required. 
Sulfur trioxide is not added to water because 
it releases a great deal of heat and produces 
a fine mist that is difficult to handle. 





4A bank of Contact process converters. 
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V The Contact process. 


reaction but itself remains unaltered at the end 


catalyst: a substance that speeds up a chemical 
of the reaction. 














EQUATION: Stage 1: Reacting sulfur dioxide and 
oxygen to produce sulfur trioxide 


Sulfur dioxide gas + oxygen © sulfur trioxide 
2SO2(g) e O2(g) ss 2SO3(g) 


Uses of sulfuric acid 

Sulfuric acid is used to make 
superphosphate fertilizers. These are 
the main kind of fertilizers used by 
farmers to increase yields of plants. 
However, there are many other 
uses, such as the manufacture of 


Gases cooled 


Gases cooled 


SO, fed to an absorber 7 : 
paint, synthetic fibers such as rayon, 


a wide range of plastics, detergents, 


Remaining SO) dyes, explosives and medicines. 


EQUATION: Reacting water with dissolved sulfur 
trioxide to form sulfuric acid 


Sulfur trioxide + water concentrated sulfuric acid 
S$O,(g) (absorbed in H2SO,) + H,O(l) © H,SO,(1) 





Gases fed to 
an absorber Hydrogen 


+ po 
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Sulfuric acid as an electrolyte 


Dilute sulfuric acid is used in vehicle batteries, sometimes 
called “wet batteries,” and more accurately called “secondary 
batteries.” They are called secondary batteries because the 
cells inside the battery can be recharged. (Contrast this with 
a primary cell, like a dry cell, in which the chemicals inside 
the cell react to produce electricity only once.) In a vehicle 
battery six cells are combined to give the 12 volt supply that 
vehicles use worldwide. 

Lead-acid batteries are the most commonly used form of 
vehicle battery. To work as an electrical battery, each of the 
cells inside it must have two electrodes made of electrically 
conducting materials. These must be bathed in a liquid that 
can conduct electricity as well as help the battery store 
electricity. This material is called an electrolyte. Negative electrode 


made of lead 









> Lead-acid batteries are designed 

to give each electrode a large surface 
area. This allows it to change stored 
chemical energy into electrical energy 
quickly. The electrodes are made from 
a lead alloy; half are covered in a paste 
of lead sulfate. All the electrodes are 
bathed in dilute sulfuric acid. 


Positive electrode 
made of lead dioxide af. 


Sulfuric acid 
electrolyte 


Operation of the battery 
As the battery is charged (perhaps from a 
vehicle generator), and a current is passed 
through the battery, a chemical reaction 
occurs that increases the concentration 
of the sulfuric acid and forms a coating 
of lead and lead dioxide on the electrodes. 
This process is electrolysis (the same 
process that puts chromium coatings 
on cutlery, gold and silver-plating on 
ornaments and tin-plate on steel food cans). 
When the battery is called upon to 
discharge electricity, the reaction reverses, 
the lead coatings are converted to lead 
sulfate and the sulfuric acid is used up. 
This process can be repeated many 
times, giving the secondary cell a useful 
life of many years of constant service. 














acidity: a general term for the strength of an acid 


Y A secondary battery wo! i i A 
y. Y works by converting chemical eae iat: 


energy to electrical energy. For this to happen there 





have to be two different materials as electrodes and an §& electrode: a conductor that forms one terminal of a cell. 
electron-carrying liquid, an electrolyte. The condition 
of the electrolyte changes as it charges and discharges. §§ electrolyte: a solution that conducts electricity. 


ion: an atom, or group of atoms, that has gained or lost 
Sulfuric acid one or more electrons and so developed an electrical 
electrolyte 




















charge. Ions carry electrical current through solutions. 


Negative electrode 


made of lead = 
Positive electrode 


fase ee pepe OV The battery is being discharged 


through use. The two electrode materials 
begin to be converted to lead sulfate. The 
@P The battery is fully concentration of sulfuric acid is decreasing. 
charged. The negative 
electrode is formed 

of spongy lead, and 

the positive electrode 

is lead dioxide. The 
concentration of sulfuric 
acid is at a maximum. 


Lead sulfate is 
deposited on 
both electrodes. 


© < The battery is fully discharged. The 
electrodes are now covered with lead sulfate 
and the sulfuric acid concentration is very low. 
(Charging the battery using a generator will 
return the battery to the state in @.) 


| 








Measuring the charge of a battery 
by its sulfuric acid concentration 
As the cell gives out its electricity, the 
sulfuric acid is used up and becomes more 
dilute. This means that the state of charge 






Hydrometer 


of a battery can be measured by its acid 
2 d Car battery 





concentration using a hydrometer. 


> A hydrometer. The acid is drawn up the syringe by 
squeezing and then releasing the rubber bulb. The float inside 
the hydrometer is marked with colored bands. The higher the 
float rises, the more concentrated the acid, the greater the acid 
density, the better the battery charge. Floats that sink low in 
the hydrometer show a weak (low density) electrolyte and 
thus a dilute acid. This means that the battery is discharged. 
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Sulfates and sulfites 


Sulfates are compounds containing 
sulfur and oxygen. Sulfites are 
compounds of sulfur containing 
less oxygen than sulfates. 
There is a wide range of sulfates, 
usually formed by a combination of 
a metal, such as calcium, magnesium 
or sodium, as shown on this page, 
or copper, as shown on page 34. 
Sulfate salts are formed in the 
laboratory by reacting sulfuric acid on 
a metal, oxide, hydroxide or carbonate. 
Most sulfates are soluble in water. 


Magnesium sulfate 
Magnesium sulfate was first made by evaporating mineral 
water from a spring near a town called Epsom in Surrey, 
England. For this reason it is also called Epsom salts. 
Epsom salts act as a laxative by preventing the water 
in the intestine from being absorbed in the body. 
The result is that there is more water than usual in the 
intestine, which sets the action of the bowels in motion. 
Concentrated Epsom salts are used to stop 
inflammation and to prevent convulsions. They are also 
used in both dyeing and bleaching processes, as part of 
fertilizers, in matches and explosives. They can also have 
a fireproofing effect. 


Y Sulfates and their properties 





A Gypsum is used for plastering 
in the construction industry. 


Calcium sulfate 

One of the most conimon sulfate 
minerals in the Earth’s rocks is calcium 
sulfate, also known as gypsum. One 
form of gypsum is alabaster which, 





being soft, is easily machined to make 
ornaments such as candlesticks. 

Gypsum is formed in the bottom of 
saline lakes. As the lake water evaporates 
the chemicals dissolved in it become 
progressively more concentrated until 
the solution becomes saturated and 
crystals begin to form. 

Crushed gypsum is used as Plaster of 
Paris and is made into wallboard (it is the 
smooth surface of the interiors of walls), 





Sulfate Common name 


Application 





Calcium sulfate Gypsum 
Plaster of Paris 


Soil conditioner, plasterboard 
Casts (used to set broken limbs) 











Barium sulfate 


Barite 


Drilling mud in oil fields, digestion, X-rays 





Sodium sulfate 


Glauber’s salt 


Glass-making 





Lead sulfate 


Produced as lead-acid battery discharges 





Copper sulfate 


Blue vitriol 


Fungicide (Bordeaux mixture) 





Iron sulfate 


Green vitriol 





Lawn care 





Magnesium sulfate 








Epsom salts 





Laxative 
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Sodium sulfate 

Also known as Glauber’s salt, sodium 
sulfate is commonly found dissolved in 
drinking water. Sodium sulfate occurs 

as thick evaporite beds and can be mined 
by pumping hot water down a well and 
pumping the dissolved sulfate back up. 

Sodium sulfate is used instead of 
sulfuric acid for some processes, for 
example, in making dyes, paper and glass, 
and to help molten metals flow (when 
used as a flux). 

Sodium sulfate crystals melt at 32°C, 
meaning that they will melt at high room 
temperatures. On melting they absorb 
very large amounts of heat (the salt has a 
large latent heat). This means that sodium 
sulfate can be used in some forms of solar 
storage heating. The Sun’s rays can be 
used to melt the sulfate; and later, as it 
cools and solidifies during the night, it 
releases its heat. 





A Sodium thiosulfate crystals 


flux: a material used to make it easier for a liquid to flow. 
A flux dissolves metal oxides and so prevents a metal from 
oxidizing while being heated. 


latent heat: the amount of heat that is absorbed or released 
during the process of changing state between gas, liquid or 
solid. For example, heat is absorbed when a substance melts 
and it is released again when the substance solidifies. 


saturated solution: a solution that holds the maximum 
possible amount of dissolved material. The amount of 
material in solution varies with the temperature; cold solutions 
can hold less dissolved solid material than hot solutions 

Gases are more soluble in cold liquids than hot liquids. 


Also...Photographer’s hypo 

Every time you have a photograph printed, the printer 
will have used a chemical called hypo. This is short for 
the chemical sodium thiosulfate. It is used to “fix” the 
image after it has been developed. 

The photographic film contains a surface coating, or 
emulsion, of chemicals. This emulsion, a kind of gelatin, 
contains minute crystals or grains of silver compounds 
spread evenly over it The smaller the size of the crystals, 
the finer the grain and the better the eventual picture 
quality. (This is why we talk about “graininess” when 





referring to photograph quality.) 

When the camera shutter is worked, the iris opens 
on the camera and light reaches the emulsion of the film, 
The light causes a chemical reaction to occur that results 
in small groups of silver atoms clumping together. 
Wherever silver atoms clump together within a crystal 
or grain, they will provide the image on the film. 

Developing a negative requires several chemical stages. 
The first chemical stage happens in a darkroom, where the 
developer solution converts the clumps of silver atoms into 
tiny particles of pure silver. 

However, the emulsion still contains a mix of chemicals 
that would react to light and fog the film; this mix has to be 
removed before the film can be exposed to the light. This is 
the job of the hypo. The hypo dissolves away the remaining 
silver-containing compounds. After fixing, the film is stable, 
and all other processing can be done in normal light. 

The hypo reacts with the silver compounds of the 
emulsion that have not been changed to pure silver but 
leaves the pure silver alone. When the film is washed in 
water, everything except the silver is removed, and the film 
surface contains just silver. The film is now a “negative” in 
which all light areas are shown dark and all dark areas are 
shown transparent or light. The positive print (the actual 
photograph) is produced by shining a light through the 
negative onto a piece of light-sensitive printing paper. 








EQUATION: Making photographer's hypo 
Sodium sulfite + sulfur > sodium thiosulfate 
Na)SO3(aq) = + S(s) > Na 3S30;(aq) 
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Copper sulfate 


Copper sulfate occurs as a blue solution Preparing copper sulfate 
Dilute sulfuric acid and green 


eae “al j t copper carbonate produce a blue 
sulfuric acid ana copper carbonate. enlace of copper sulfate. 


Copper sulfate is widely used as 
a fungicide. Originally it was probably 
used in a pure form as a seed covering 
to protect the seed from rotting before 
it could germinate. Later it was combined 
with lime to make Bordeaux mixture 
(see page 42). It is also used to treat 
wood and preserve it from attack by 
fungi, molds and other rotting organisms. 
A white form of copper sulfate 
(called anhydrous copper sulfate) will 





or crystals. It can be made by reacting 


absorb large amounts of water and can 
therefore be used as a drying agent. 





Anhydrous copper sulfate can also be g : fi. 

use das a simple test for the presence Kp suliricaca ic saded tocerpeceres 

of water because it changes from white powder to produce a solution of copper sulfate 
that can be evaporated, leaving copper sulfate 

to blue. crystals. A copper sulfate solution can also be 
produced by adding sulfuric acid to black copper 
oxide powder. 


EQUATION: Reaction of sulfuric acid and copper carbonate 


Sulfuric acid + copper carbonate ™ copper sulfate + carbon dioxide + water 
H2SO,(aq) + CuCO,s) © CuSO,aq) + COg) + H,0() 






Carbon 


+ rsh 


Sulfur 


Hydrogen 





xygen. Copper 


Sulfuric acid Copper carbonate Copper sulfate 


(34) 








anhydrous: a term meaning that water has 
been removed by heating. Many hydrated salts 
are crystalline. When they are heated and the 
water is driven off, the material changes to an 





© anhydrous powder. 


hydrate: a solid compound in crystalline 
form that contains molecular water. Hydrates 
> commonly form when a solution of a soluble 
salt is evaporated. The water that forms part 
of a hydrate crystal is known as the “water 
of crystallization.” It can usually be removed 
by heating, leaving an anhydrous salt. 








Hydrated 
copper sulfate 








AY Hydrated copper sulfate (shown above) 
has been left next to a heat source. The water has 
been driven off to yield anhydrous copper sulfate. 





Anhydrous 
copper sulfate 





Carbon dioxide Water 











Reactions with copper sulfate 


Copper sulfate is widely used in laboratory 
demonstrations. The color makes the reactions 
easier to see. Here are some typical reactions. 
























YP Copper sulfate and ammonia solution 
Ammonia solution is applied to a solution 

of copper sulfate using a dropper. 

». The result is the production of copper 
hydroxide. Hydroxides are typically 
insoluble, so the copper hydroxide 
forms as a gelatinous precipitate. 





Ammonium hydroxide 
solution is added to 
copper sulfate producing 
a gelatinous precipitate 
of copper hydroxide. 


Also... 


Notice that the 
relative proportions 

of reagents can make a 
difference to the products. 
In the lower part of the tube 
the precipitate is pale blue 
because a relatively large amount 

of copper sulfate has reacted with a 
relatively small amount of ammonia. 

By contrast, at the top of the tube the 
opposite is true and the solution is indigo 
blue. This is tetraammine copper sulfate. 


The copper sulfate solution 
looked like this before the 
ammonia solution was 
added. 


EQUATION: Copper sulfate and ammonia 


Copper sulfate + ammonium solution > copper hydroxide + ammonium sulfate 
CuSO,(aq) + = 2NH,OH (aq) © Cu(OH),(aq) + ~~ (NH,)2SO,(aq) 





























gelatinous: a term meaning made with water. 


The gelatinous Because a gelatinous precipitate is mostly water, 
precipitate of copper it is of a similar density to water and will float 
hydroxide is redissolved or lie suspended in the liquid. 


as more concentrated 
ammonia solution is 
added to produce a dark 
blue copper compound -_ = 
called a “complex.” 





é 
Hydrogen 






AA diagrammatic representation of the structure 
of the copper complex formed when excess 
ammonia solution is added to copper sulfate. 


> Copper sulfate 

and hydrogen sulfide 
A hydrogen sulfide solution 
is added to copper sulfate 
from a dropper. The result 
is a precipitate of copper 
sulfide. Compare this 
precipitate to the copper 
hydroxide produced in 
the demonstration on the 
opposite page. 





EQUATION: Copper sulfate and hydrogen sulfide 
| Copper sulfate + hydrogen sulfide > copper sulfide + sulfuric acid 
Fi CuSO,(aq) + HS(aq) © CuS6) + H3SO,(aq) 
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Vulcanizing rubber 


Vulcanizing is the addition of sulfur to 
rubber. American inventor Charles Goodyear 
discovered the vulcanizing effect of sulfur 

by chance in 1839 when trying to find an 
improved form of rubber. 

Rubber is a polymer, that is, a material 
made of long chains of subunits called 
monomers. The rubber is soft and elastic 
because the chains of atoms move relatively 
freely across each other. In the process of 
heating rubber with sulfur, the sulfur atoms 
bond with the chains of rubber, linking one 
chain to another. This makes it harder for the 
chains of rubber to move against each other, 
and the result is a stronger material. 

Vulcanized rubber does not soften as it is 





heated in the way that natural rubber does and 










so can be used for tires and other applications 

in which durability and strength is important. 
An extreme form of vulcanizing causes 

so many sulfur atoms to link together the 

rubber chains that the material becomes 

a solid. This solid is called ebonite. 





A A vulcanized rubber 
hammer can be used for 
applying soft blows to steel 
panels, for example, when 
beating out dents from 
damaged vehicle bodywork. 


Also... 


Sulfur atoms are found in human fingernails, 
where they crosslink the proteins to form a rigid 
material. So when you look at your nails, you 
are 





looking at a natural form of vulcanizing. 











monomer: a building block of a larger chain molecule 
(“mono” means one, “mer” means part). 


polymer: a compound that is made of long chains by 
combining molecules (called monomers) as repeating units. 
(“Poly” means many, “mer” means part.) 


similar molecules arrange themselves into large molecules, usually 
long chains. This process usually happens when there is a suitable 
catalyst present. For example, ethylene reacts to form polyethylene 
in the presence of certain catalysts. 


vulcanization: forming cross-links between polymer chains to 
increase the strength of the whole polymer. Rubbers are vulcanized 
using sulfur when making tires and other strong materials. 


polymerization: a chemical reaction in which large numbers of 





A Atireisa Hydrogen ~ J QO 
combination of layers 
of vulcanized rubber 

and textile, often These sulfur “bridges” hold the rubber 


incorporating steel units together, thereby increasing the 
wire. The design is strength of the rubber. This is the 
for strength, durability secret of vulcanizing. 

and suppleness. 


Sulfur 


Unit of rubber 





Foam rubber 
Foam rubber contains many air bubbles to make it spongy 
and lightweight. Its main use is for fillings in household 
furniture, mattresses and carpet backing. 

The latex is frothed up to incorporate air and then 
vulcanized in such a way that water is not evaporated from 
the foam before the vulcanization process is complete. 
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Sulfur in warfare 


Sulfur can be put to many uses. Among them 
are the manufacture of gunpowder and poison gas. 

Gunpowder is a solid mixture of sulfur, charcoal 
and potassium nitrate that was invented in China about 
one thousand years ago. It is the earliest form of explosive 
and is still widely used. 

Sulfur reacts with chlorine to produce a yellow liquid 
with a revolting smell that is used in the vulcanization of 
rubber. This liquid has peaceful uses and is not poisonous. 
However, by adding more chlorine, a foul-smelling red 
liquid is produced. If this is in turn reacted with ethylene, 
it produces a gas that not only has a choking smell but 
is extremely poisonous. This poison gas is called mustard 
gas. It was used in World War I, and its effects were so 
horrific that it was banned by international agreement. 
Nevertheless, in recent years some countries have used 
it again, often in internal conflicts. 


Mustard gas 
Mustard gas (dichlorodiethyl sulfide) is a poison gas that, 
unfortunately, is quite easy to make and use. It is made as an oily 
liquid, which slowly evaporates when released into the environment. 
When mustard gas is breathed into the lungs, it damages the cells on 
the lung lining. This causes fluid to leave the blood and fill the lungs. 
As a result, a person suffering from mustard gas poisoning drowns. 
In less severe amounts it causes permanent lung damage and blisters 
on the skin. In its most characteristic form it causes blindness. 










Sulfur 





Chlorine 


D> The use of gases 
such as mustard gas 

in warfare mean that 
military personnel have 
to wear protective 
breathing apparatus. 


P& A molecule 
of mustard gas 











explosive: a substance which, when a shock is applied to 
it, decomposes very rapidly, releasing a very large amount 
of heat and creating a large volume of gas as a shock wave. 


high explosive: a form of explosive that will only work 
when it receives a shock from another explosive. High 
explosives are much more powerful than ordinary 
explosives. Gunpowder is not a high explosive. 


poison gas: a form of gas that is used intentionally to 
produce widespread injury and death. (Many gases are 
poisonous, which is why many chemical reactions are 
performed in laboratory fume chambers, but they are a 
by-product of a reaction and not intended to cause harm.) 


Gunpowder 

Gunpowder is the best known and earliest form 
of explosive. It is made by mixing powders of 
sulfur, charcoal and saltpeter (potassium nitrate) 
together. The first people to invent gunpowder 
were the Chinese, and gunpowder has been in 
use for nearly one thousand years. 





Gunpowder is ignited by means of a spark (say 
from tinder in a flintlock rifle), a flame (light the 
fuse and stand clear, as in fireworks) or an electric 
arc (as in detonation with an electrical plunger). 
When gunpowder was first made, it was mixed 
and then crushed into’a powder by people using 
hammers. As a result, from time to time, the 
shock of the hammers caused the powder to 
explode. Making gunpowder was never a good 
trade to be in! 


The modern manufacture of gunpowder — 





now called black powder — is by pulverizing 
charcoal with sulfur and then mixing it with 
potassium nitrate so that the particles of nitrate, 
sulfur and charcoal all come into close contact. 
To do this, very heavy steel wheels are rolled 
over a black powder mixture spread on a steel 
plate. The mixture is then pressed into a cake 
and broken down into granules. 

The main modern use of gunpowder is in 
fireworks. For this purpose the gunpowder is 
mixed with graphite, which coats the powder 
and makes it less likely to explode as it is 
carried around. Elsewhere, black powder is 
used as a first charge to set off artillery shells 
and other munitions. 
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Sulfur for life 


Sulfur originally came from gases in 
volcanic eruptions. It is now an essential 
nutrient in almost all living things. Much 
of the sulfur in living things is recycled 
between generations, a process called the 
sulfur cycle. 

Sulfur-based medicines were among the 
first to deal with microbial and bacterial 
infections and are still widely used. 

The poisonous properties of some sulfur 
compounds are also used to help prevent 
infections and to preserve foods. 


Preservatives 

Sulfites are used widely for food preservation. They 
have a wide range of actions. They may kill off fungi 
and bacteria, preventing decay; they may stop oxygen 
reacting with foodstuffs, another source of decay. 
Sulfites may also be used to clean vessels in which 
food may be placed. This is the reason, for example, 
that sulfite is added to water and then used to sterilize 
beer and wine vessels both in factories and in amateur 
beer and wine making. 

Sulfites are also able to stop the natural decay 
processes that cause food to become discolored. 

For this reason their use has been restricted so 
that food cannot be stored and treated with sulfites 
to make it look fresher than it is. 

Sulfur dioxide gas is also used as a preservative. 
Sulfur dioxide and sulfites both work by taking 
oxygen from the air and so preventing 
microorganisms from getting the oxygen they 
need to live and by creating a mildly acid 





environment in which organisms cannot survive. 


> Sulfur drugs 
Sulfur compounds have been used in the treatment of 
many illnesses since ancient times. For example, brimstone 
and molasses was a traditional “catch-all” remedy. 

Modern sulfur medicines include antibacterial drugs, 
such as sulfa drugs. They work by destroying the enzyme 
that is needed for the growth of bacterial cells. 


Sulfur and pesticides 
A pest is any life-form that causes 
illness and discomfort to people or 
affects their food supplies or gardens. 
Pesticides (named from the Latin 
suffix “cide,” which means to kill) 
are chemicals that are designed to 
control these pests, whether they be 
plants or animals. From the writings 
of the ancient Greek Homer, we can 
tell that as long ago as 1000 BC, 
ancient civilizations were aware of 
the pesticide properties of sulfur. 
Both the Chinese and Greeks 
knew about the lethal combination 
of sulfur and arsenic. Another of the 
old pesticides was Bordeaux mixture, 
a mixture of copper sulfate and lime. 
It still is used to combat fungi and to 
repel insects. 
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Sulfate fertilizers 

Sulfates are soluble in water. This is important for plants 
because they need to take up their nutrients through their 
roots using water in the soil. Those nutrients most needed 
by plants to make their tissues are potassium, nitrogen and 
phosphorus. Sulfates are thus used as a cheap “vehicle” 

to carry sulfur and the other main nutrierits that the 

plants need. 

A fertilizer is produced by reacting a suitable source 
of potassium, nitrogen or phosphorus with sulfuric acid. 
About two-thirds of all the sulfuric acid made goes into 
the production of fertilizer. 

Most fertilizers contain one or more of ammonium 
sulfate (nitrogen), calcium phosphate (which contains 
phosphorus) and sulfate of potash (potassium sulfate). 

One of the best known fertilizers is called superphosphate 
(a combination of ammonium sulfate and phosphate), first 
produced by the scientist John Lawes in 1843. To make 
it, sulfuric acid is poured over phosphate rock, producing 
phosphoric acid. Ammonia gas and sulfuric acid are also 
reacted to produce ammonium sulfate. The two fertilizers 
are then mixed to make superphosphate. 


pesticide: any chemical that is designed 
to control pests (unwanted organisms) 
that are harmful to plants or animals. 


preservative: a substance that prevents 
the natural organic decay processes 
from occurring. Many substances can 


be used safely for this purpose, 
including sulfites and nitrogen gas. 


sulfate: a compound that includes 
sulfur and oxygen, for example, calcium 
sulfate or gypsum. 


sulfide: a sulfur compound that 
contains no oxygen. 


sulfite: a sulfur compound that contains 
less oxygen than a sulfate. 


Energy for life 

A wide range of organisms uses 
sulfur instead of oxygen to oxidize 
their energy supplies. Among the 
most common are bacteria, 

This is why bacteria and blue- 
green algae are able to live in places 
with very little oxygen. The 
vastness of the deep ocean waters 
is one example, the areas near 
geysers and volcanoes are another. 

Whereas green plants give off 
oxygen, organisms that live in 
oxygen-poor water give off sulfur as 
part of their living processes. These 
organisms get all the energy they 
need by fermenting dead tissue 
using sulfur-containing compounds. 


Also... 


In recent years farmers near industrial 
regions have noticed that their yields 

of cereals have declined almost in 
proportion to the rate at which sulfur has 
been removed from the smokestacks of 
power stations. This is because plants 
have been using the sulfur in the acid rain 
as a fertilizer. Now acid rain has been 
reduced, farmers are having to increase 
their applications of sulfate fertilizers 

in order to maintain their yields! 
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As you read through Volumes 1 to 15 in the 
Elements set, you will notice that many pages 
contain equations using symbols. Symbols 
make it easy for chemists to write out the 
reactions that are occurring in a way that 
allows a better understanding of the processes 
involved. If you are not familiar with these 
symbols, these pages explain them. 


Symbols for the elements 
The basis for the modern use of symbols for 
elements dates back to the 19th century. At 


that time a shorthand was developed using the 
first letter of the element wherever possible. 


Written and symbolic equations 


What reaction the 
equation illustrates 


Word equation 


CaO(s) 
Symbol equation aa 


descriptions below the symbolic equation. 


Diagrams 


Hydrogen 





Calcium 


Calcium oxide Water 


Sometimes the written equation is broken up and put 


Understanding equations 


Sometimes you will find additional a © 


Some of the equations are shown as graphic representations. 


below the relevant stages in the graphic representation. 


Thus O stands for oxygen, H stands for 
hydrogen, and so on. However, if we were to 
use only the first letter, there could be some 
confusion. For example, nitrogen and nickel 
would both use the symbols N. To overcome 
this problem, many element symbols take the 
first two letters of the full name, with the second 
letter in lowercase. So, although nitrogen is N, 
nickel becomes Ni. Not all symbols come from 
the English name; many use the Latin name 
instead. That is why, for example, gold is not G 
but Au (from the Latin aurum), and sodium has 
the symbol Na (from the Latin natrium). 
Compounds of elements are made by 
combining letters. So, the molecule carbon 























In this book important chemical equations are briefly stated in words (they are called 
word equations) and are then shown in their symbolic form along with the states. 


EQUATION: The formation of calcium hydroxide 
Calcium oxide + water © calcium hydroxide 
H,0() 


Ca(OH)(aq) 

heated 

Symbol showing the state: 

sis for solid, | is for liquid, 

is for gas, and aq is for aqueous. 





Calcium hydroxide 





monoxide is CO. By using lowercase letters for 
the second letter of an element, it is possible to 
show that cobalt, symbol Co, is not the same as 
the molecule carbon monoxide, CO. 

However, the letters can be made to do 
much more than this. In many molecules atoms 
combine in unequal numbers. So, for example, 
carbon dioxide has one atom of carbon for every 
two of oxygen. That is shown by using the 
number 2 beside the oxygen, and the symbol 
becomes CO . 

In practice some groups of atoms combine as 
a unit with other substances. Thus, for example, 
calcium bicarbonate (one of the compounds used 
in some antacid pills) is written Ca(HCOs3),. This 
shows that the part of the substance inside the 
parentheses reacts as a unit, and the 2 outside the 
parentheses shows the presence of two such units. 

Some substances attract water molecules to 
themselves. To show this, a dot is used. So, 
the blue form of copper sulfate is written 
CuSO,.5H,0. In this case five molecules of 
water attract to one of copper sulfate. When 
you see the dot, you know that this water can 


Atoms and ions 

Each sphere represents a particle of an element. 
A particle can be an atom or an ion. Each atom 
or ion is associated with other atoms or ions 
through bonds — forces of attraction. The size of 
the particles and the nature of the bonds can be 
extremely important in determining the nature of 
the reaction or the properties of the compound. 


This symbol indicates that 
_7_ the compound is ionic. 
® 







Sodium 


> This represents 
a unit of sodium 
bicarbonate (NaHCO,). 


The term “unit” is sometimes used to simplify 
the representation of a combination of ions. 


Bond shown 





be driven off by heating; it is part of the 
crystal structure. 

In a reaction substances change by 
rearranging the combinations of atoms. The 
way they change is shown by using the chemical 
symbols, placing those that will react (the starting 
materials, or reactants) on the left and the 
products of the reaction on the right. Between 
the two an arrow shows which way the reaction 
is going. 

It is possible to describe a reaction in words. 
That produces word equations, which are given 
throughout Volumes 1 to 15. However, it is 
easier to understand what is happening by using 
an equation containing symbols. They are also 
given in many places. They are not shown 
when the equations are very complex. 

In any equation both sides balance; that is, 
there must be an equal number of like atoms on 
both sides of the arrow. When you try to write 
down reactions, you, too, must balance your 
equation; you cannot have a few atoms left over 
at the end! 

The symbols in parentheses are abbreviations 
for the physical state of each substance taking 
part, so that (s) is used for solid, (/) for liquid, (g) 
for gas, and (aq) for an aqueous solution, that is, 
a solution of a substance dissolved in water. 


Chemical symbols, equations, and diagrams 

The arrangement of any molecule or compound 

can be shown in one of the two ways shown below, 
depending on which gives the clearer picture. The left- 
hand image is called a ball-and-stick diagram because 
it uses rods and spheres to show the structure of the 
material. This example shows water, H,O. There are 
two hydrogen atoms and one oxygen atom. 





Colors too 

The colors of each of the particles help differentiate 
the elements involved. The diagram can then be 
matched to the written and symbolic equation given 
with the diagram. In the case above, oxygen is red, 
and hydrogen is gray. 











Key facts about... 


Name: sulfur 

Symbol: $ 

Atomic number: 16 

Atomic weight: 32.07 

Position in Periodic Table: group 6 (16), 
(oxygen group; chalcogen); period 3 

State at room temperature: solid 

Color: two forms: lemon yellow and amber 

Densities of solids: rhombic form 2.07 g/cc; 
monoclinic form 1.96 g/cc 

Melting point: rhombic form: 112.8°C; 
monoclinic form: 119°C 

Boiling point: 444.6°C 

Origin of name: from the Sanskrit word sulvere, 
meaning sulfur; or from the Latin word 
sulfurium, meaning sulfur 

Shell pattern of electrons: 2-8-6 


Further facts on this element can be found in 
Volume 18: Potassium to Zirconium 


Y Amber-colored orthorhombic sulfur crystals. 
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Glossary of technical terms 





acid: compounds containing hydrogen that can 
attack and dissolve many substances. Acids are 
described as weak or strong, dilute or 
concentrated, mineral or organic. 


acidity: a general term for the strength of an 
acid in a solution. 


anhydrous: a term meaning that water has 
been removed by heating. Many hydrated salts 
are crystalline, When they are heated and the 
water is driven off, the material changes to an 
anhydrous powder, 


catalyst: a substance that speeds up a chemical 
reaction but itself remains unaltered at the end 
of the reaction, 


combustion: the special case of oxidization of 
a substance in which a considerable amount of 
heat and usually light are given out. 
Combustion is often referred ro as “burning.” 


corrosive; a substance, either an acid or an 
alkali, that rapidly attacks a wide range of other 
substances 


crystal systems: there are seven patterns or 
systems into which all of the world’s crystals 
can be grouped. They are: cubic, hexagonal, 
thombohedral, tetragonal, orthorhombic, 
monoclinic and triclinic, 


cubic crystal system; groupings of crystals 
that look like cubes. 


electrode: a conductor that forms one terminal 
of a cell, 


electrolyte: a solution that conducts 
electricity. 


explosive: a substance which, when a shock is 

applied to it, decomposes very rapidly, releasing 
a very large amount of heat and creating a large 
volume of gas as a shock wave. 


flux: a material used to make it easier for a 
liquid to flow. A flux dissolves metal oxides and 
so prevents a metal from oxidizing while being 
heated. 


gelatinous: a term meaning made with water. 
Because a gelatinous precipitate is mostly water, 
it is of a similar density to water and will float 
or lie suspended in the liquid. 


high explosive: a form of explosive that will 
only work when it receives a shock from 
another explosive. High explosives are much 
more powerfull than ordinary explosives. 
Gunpowder is not a high explosive, 


hydrate: a solid compound in crystalline form 
that contains molecular water. Hydrates 
commonly form when a solution of a soluble 
salt is evaporated, The water that forms part of 
a hydrate crystal is known as the “water of 
crystallization.” It can usually be removed by 
heating, leaving an anhydrous salt, 


hydrothermal: a process in which hot water is 
involved. It is usually used in the context of 
rock formation because hot water and other 
fluids sgnt outward from liquid magmas are 
important carriers of metals and the minerals 
that form gemstones. 


ion; an atom, or group of atoms, that has 
gained or lost one or more electrons and so 
developed an electrical charge. Ions behave 
differently from electrically neutral atomy and 
molecules, They can move in an electric field, 
and they can also bind strongly to solvent 





molecules such as water. Positively charged 
ions are called cations; negatively charged ions 
are called anions. Ions can carry an electrical 
current through solutions. 


latent heat: the amount of heat that is 
absorbed or released during the process of 
changing state between gas, liquid or solid. For 
example, heat is absorbed when a substance 
melts and it is released again when the 
substance solidifies. 








melting point: the temperature at which a 
substance changes state from a solid to a liquid. 
Itis the same as freezing point 


mineral acid: an acid that does not contain 
carbon and which attacks minera 
Hydrochloric, sulfuric and nitric acids are the 
main mineral acids. 





monoclinic system: a grouping of crystals 
that look like double-ended chisel blades. 


monomer: a building block of a larger chain 
molecule (“mono” means on: 


part) 


“mer” means 





ore: a rock containing enough of a useful 
substance to make mining it worthwhile 





oxidizing agent: a substance that removes 
electrons from another substance (and therefore 
is itself reduced) 


pesticide: any chemical that is designed to 
control pests (unwanted organisms) that are 
harmful to plants of animals. 


poison gas: a form of gas that is used 
intentionally to produce widespread injury and 
death. (Many gases are poisonous, which is 
why many chemical reactions are performed in 
laboratory fume chambers, but they are a by 
product of a reaction and not intended to cause 
harm.) 





polymer: a compound that is made of long 
chains by combining molecules (called 
monomers) as repeating units. (“Poly” means 
many, “mer” means part.) 


polymerization: a chemical reaction in which 
large numbers of similar molecules arrange 
themselves into large molecules, usually long 
chains. This process usually happens when 


there is a suitable catalyst present. For example, 
ethylene reacts to form polyethylene in the 
presence of certain catalysts 


preservative: a substance that prevents the 
natural organic decay processes from occurring. 
Many substances can be used safely for this 
purpose, including sulfites and nitrogen gas 





pyrite: “mineral of fire.” This name comes 
from the fact that pyrite (iron sulfide) will give 
off sparks if struck with a stone. 


reducing agent: a substance that gives 
electrons to another substance, Carbon 
monoxide is a reducing 
copper oxide, turning it t copper and 
producing carbon dioxide gas, Similarly, iron 
oxide is reduced to iron in a blast furnace. 





gent when passed over 








Sulfur dioxide is a reducing agent used for 
bleaching bread 





saturated: a state in which a liquid can hold 
no more of a substance, Ifany more of the 
substance is added, it will not dissolve 


saturated solution: a solution that holds the 
maximum possible amount of dissolved 
material. The amount of material in solution 
varies with the temperature; cold solutions can 
hold less dissolved solid material than hot 








solutions, Gases are more soluble in cold liquids 
than hot liquids 


smoke: a mixture of both small solids and 
gases, 


strong acid: an acid that has completely 
dissociated (ionized) in water. Mineral acids are 
strong acids. 


sulfate: a compound that includes sulfur and 
oxygen, for example, calcium sulfate or 
gypsum 


sulfide: a sulfur compound that contains no 
oxygen. 


sulfite: a sulfur compound that contains less 
oxygen than a sulfate, 


viscous: slow-moving, syrupy. A liquid that 
has a low viscosity is said to be mobile. 


vulcanization: forming cross-links between 
polymer chains to increase the strength of the 
whole polymer. Rubbers are vulcanized using 
sulfur when making tires and other strong 
materials. 


weak acid: an acid that has only partly 
dissociated (ionized) in water. Most organic 
acids are weak acids. 
















USING THE SET INDEX 


The 18 volumes in 
the Elements set are: 


Volume 
Number Title 


. Hydrogen and the Noble Gases 


. Sodium and Potassium 

. Calcium and Magnesium 

. tron, Chromium, and 
Manganese 

5. Copper, Silver, and Gold 

6. Zinc, Cadmium, and Mercury 

7. Aluminum 

8. Carbon 

9, Silicon 

10, Lead and Tin 

11, Nitrogen and Phosphorus 

12, Oxygen 

13. Sulfur 

14, Chlorine, Fluorine, Bromine, 

and lodine 

15, Uranium and Other 

Radioactive Elements 

16, Actinium to Fluorine 

17. Francium to Polonium 

18. Potassium to Zirconium 





An example entry: 


Index entries are listed alphabetically. 
Volume numbers are in bold and are 
followed by page references ia roman 


sodium (Na) See Vol. 2 and 
Vol. 18: 24-25; 1: 36, 7: 6, 
9: 11, 24, 38 





In this case sodium gets extensive 
coverage in Volume 2: Sodium 
and Potassium and on pages 24 
and 25 of Volume 18: Potassium 
10 Zirconium, Sodium is also 
discussed on page 36 of Volume 1, 
page 6 of Volume 7, and pages 
11, 24, and 38 of Volume 9. 





A 


A-bomb 15: 38 
Ac see actinium 
acetate 8: 41 
acetic acid 1: 31, 
acetone 7: 34, 8: 28 
acetylene 14: 22 










acid 1: 12, 18, 19, 20, 
35, 36, 37, . 
29, 39, 42, 7: 14, 33, 13: 19, 
26, 27 


acid burn 1: 24, 1. , 33, 
3: 13, 4: 10, 7: 40, 42, 43, 
10: 12, 11: jy 125-13; 
29, 42, 13: 18, 19, 22, 23 

acidity 1: 20-21 

acidosis 1: 28 

acids 9: 11 

acid soil 4: 17 

actinides, actinide series 16: 8 see 
also Periodic Table 

actinium (Ac) 16: 17 

activated charcoal 8: 














3, 14; 27 











Set Index 


addition polymer 8: 32-35 
adhesive 3: , 12: 20 
admiralty brass 5: 18 
adsorption 14: 27, 7: 35, 8: 23 
aeration 12: 8, 9 
aeroembolism 11: 7 








Ag see silver 





Al see aluminum 

alchemists, alchemy 
15: 11 

alclad 7: 23 

alcohols 8: 28 

algae 3: 4, 40, 11: 43 

algal blooms 11 

alkali 1: 20, 34, 35, 
33, 36, 11 

alkaline 1: 20, 






















alpha particle 15: 8, 42 
alpha radiation 15 
alum 7: 
alumina 7: 16, 17, 18, 19, 34 
alumina-silica gel 8: 27, 1: 26, 36 
aluminum (Al) See Vol. 7 and 
Vol. 16: 18-19; 1: 26, 36, 











aluminum foil 7: 21, 30 
aluminum hydroxide 7: 36, 37, 38 
aluminum oxide 7: 7, 14, 16, 1 
18, 34, 35, 8: 20, 21, 9: 13, 
12: 11, 39, 4: 17 
aluminum silicate 9: 26 
aluminum sulfate 
‘Am see americium 
amalgam 
7: 22,1 
amalgamation 5: 39 
Amatol 11: 27 
americium (Am) 16: 21 
amethyst 9: 12 
amino acids 8: 36 
ammonia 1: 16-17, 22, 26, 27, 32, 
2: 28, 29, 7: 36, 11: 12-17, 
36, 37, 13: 36, 43, 14: 17, 
34, 39 
ammonia fountain 11: 15 
ammonia solution 5: 27 
ammonite 3: 9 
ammonium chloride 1: 22, 23, 
2: 28, 29, 4: 41, 
11: 13, 14: 34 
ammonium dichromate 11: 24, 25 
ammonium hydroxide 11: 12 
ammonium nitrate 11: 13, 27 
ammonium nitrite 11: 27 
ammonium perchlorate 12: 39, 
14: 24 
ammonium sulfate 7: 36, 11: 14, 
13: 
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ammunition 10: 15, 11: 27 

amorphous 9: 

amphiboles 9: 24 

amphoteric 6: 10, 7: 14 

anesthetics 14: 5 

anglesite 10: 7 

anhydrous 13: 34 

anions 3: 29, 

annealing 7: 20, 9: 41 

anode 2: 23, 26, 3: 37, 6: 12, 13, 
7:19, 2, 10: 11 

anodizing 7: 26 

antacid 2: 31, 3: 5, 42, 47. 8: 15 

anthracite 8: 7 

antibacterial agent 6: 38 

antimony (Sb) See Vol. 16: 20; 
10: 15, 40 

antimony 

antioxidant 11: 10 

antiseptic 14: 41 

apatite 11: 42 

approximate relative atomic mass 
16: 7 

aqua fortis 1: 26, 11: 36 

agua regia 1 

aquamarine 

aquifers 2: 20 

architectural brass 5: 19 

Ar see argon 

argon (Ar) See Vol. 1 and 
Vol. 16: 
12: 17, 15: 11 

arsenic (As) See Vol. 1 

, 13: 42 


arsenic 



































As se 
asbestos 14: 20 
asphalt 8: 26, 
aspirin 
astatine (At) 16: 24 
At see astatine 
atmosphere 3: 12, 11: 6, 12: 6, 
8,12 
atom, atoms 1-15: 47, 16-18: 57; 
1: 4, 38, 8:8, 15: 4,7, 
16: 4,11 
atomic bomb 15: 38, 39 
atomic mass 16: 15 see also 
approximate relative 
atomic mass 
atomic number 16 
atomic weight 16: 15 
Au see gold 
augite 9: 24 
aurora 12:7, 11: 
Australia 7: 11 
azide 11: 29 











fal) 








B 


B see boron 

Ba see barium 

background radiation 15: 14-15 
Bacon, Roger 11: 26 
bacteria 13: 8, 20 
Backland, Leo 8: 31 
Bakelite 8: 31 

baking powder 2: 30 
baking soda 2: 28, 30, 8: 14 
barite 13: 12, 16: 24, 25 
barium (Ba) 16: 25 

barium chlorate 14: 24 
barium-142 15: 28 

barium peroxide 4: 22 
barium sulfate 13: 12 
barometer 6: 30 











basalt 9: 24, 43, 15: 18 
base 32-33, 34, 22 32; 





base bullion 10: 10 

basic-oxygen furnace process 

30, 31 

basic-oxygen process 12: 27 

battery 4: 41, 6: 5, 12, 10: 28, 
13: 30, 31 

bauxite 7: 10-11, 13, 14, 16, 18 

Bayer, Karl Joseph 7: 12 

Bayer process 7: 14, 16 

Be see beryllium 

becquerel 15: 13, 22 

Becquerel, A. H. 6: 35, 15: 5, 











making bronze 5: 21 

bends 11: 7 

Benin bronze 5: 19 

benzene ring 8: 33 

berkelium (Bk) 16: 26 

beryl 7: 8, 9: 22 

beryllium (Be) See Vol. 16: 
7:8, 9: 22 

Bessemer Converter 4: 31, 12: 27 

Bessemer, Sir Henry 4: 31 

beta particle 15: 8 

beta radiation 15: 8, 9 

Bh see bohrium 

Bi sec bismuth 

bicarbonate 1: 29, 31 

Big Bang 15: 7 

biotite 7: 6, 9: 26 

bismuth (Bi) See Vol. 16: 28; 
10: 11 

Bk see berkelium 

black phosphorus 11: 38 

blast furnace 4: 24, 2 
12: 26 

bleach 4: 42, 12: 21, 13: 18, 20-21, 
14: 14, 15, 24 

bleaching agent 13; 18-21 

blood 12: 15 

blood (salts) 2: 18, 19 

blue-green algae 11; 18, 19, 2 

Blue John 14: 8, 36 

blue vitriol 5: 24, 13: 32 

body 2: 18,19, 3:5, 32 

bog iron ore 4: 13 

bohrium (Bh) 16: 29 

bond 4: 9, 11, 2: 23, 3: 47 

bone 3: 5, 32 

Bordeaux mixture 5; 23, 13: 34, 42 

bomite 5: 6 

boron (B) 16; 30 

boron oxide 9: 38 

borosilicate glass 9: 39, 16: 30 

bromine 

18-19, 20, 27, 6: 4, 20, 
10: 15, 

braze 5: 18, 7: 20 

Brazil 7: 11 

breeder reactor 15: 35 

brimstone 13: 4, 5, 10 

brimstone and treacle 13: 42 

brine 1:14, 15, 2: 12, 13, 2 
27, 28, 29, 40, 6: 33, 1 
19, 20 

bromide 14: 4 

bromine (Br) See Vol. 14 and 
Vol. 16: 31; 

bromothymol blue 

bronze 5: 20-21, 27, 34, 6: 20, 21, 

10: 40, 41 














4 2, 
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brass 












Bronze Age 5: 20, 10: 5, 41 
buckled ring 13: 6 
buckminsterfullerene 8: 8, 22 
buffer 1: 28, 29 

building stone 3: 18 

burette 1: 35 

burnt lime 3: 22 

burnt ocher 4: 13 

butane 8: 7, 26, 28 


(® 


C see carbon 

Ca see calcium, 

cadmium (Cd) See Vol. 6 and 
Vol. 16: 32; 15: 34 

cadmium battery 6: 41 

cadmium borate 6: 42 

cadmium hydroxide 6: 41 

cadmium plating 6: 40 

cadmium sulfide 6: 40, 42, 43, 
9: 41, 13: 12, 24, 25 

cadmium telluride 6: 42 

cadmium test 6: 40 

calcite 3: 8, 10, 14, 16, 33, 9: 18 

calcium (Ca) See Vol. 3 and Vol. 
16: 33-34; 7: 6, 93 11, 20, 38 

calcium bicarbonate 1:29, 3: 15, 
27, 38, 42 

calcium carbonate 1: 23, 2 
3: 4,8, 12, 15, 16, 
39, 43, 
39, 40, 14: 

calcium chlorate 14: 14, 16, 24 

calcium chloride 2: 28, 14: 19 

calcium fluoride 3: 8, 14: 8, 9 

calcium hydrogen carbonate 3: 38 

calcium hydroxide 3: 6, 24, 26, 28, 
Ai: 14 

calcium ions 3: 25, 28, 40, 

calcium oxide 2: 29, 3: 20, 24, 46, 
4: 26, 31,7: 16, 14: 14 
12: 26, 14: 14 

calcium phosphate 3: 32, 11: 38, 
42, 43, 14: 37 

calcium silicate 4: 26 

calcium sulfate 3: 8, 30, 4: 
133/9)42; 13,32) 113\43) 

californium (Cf) 16: 35 

calomel 6: 32 

camphor 

cancer 15: 42 

cans 7: 32, 33, 40 

carats 5: 40 

carbohydrate 8: 18 

carbon (C) See Vol. 8 and Vol. 
16: 10, 13, 36-37; 1: 24, 
4:27,.28, 29, 30, 31,32, 34, 
41, 6: 14, 15, 7: 18, 19, 
9: 13, 10: 8, 10, 12: 24, 26, 
13: 26, 27, 14: 13, 15, 15:7 

carbon black 4: 41, 8: 22 

carbon compounds 8: 6 

carbon cycle 8: 10-11, 13 

carbon dating 15: 18 

carbon dioxide 1: 23, 28, 2: 28, 29, 
30, 31, 3: 12, 19, 26, 43,47, 
4: 26, 27, 8, 39, 8: 10, 
11, 12-15, 18, 14: 8, 12: 14, 
15, 24, 38, 41 

carbon dioxide, radioactive 15: 14 

carbon-14 11: 6, 15: 7, 10, 16, 
17,19 

carbonic acid 1: 28-29, 3: 12 

Carboniferous Period 8:7 


34, 















1 





carbon monoxide 4: 24, 27, 30, 


5: 8, 9, 6: 8, 8: 16-17, 10: 8. 


12: 13, 24 
carbon rod 4: 41 
carbon tetrachloride 14: 30 
carbon-12 15:7 
carbonyl compounds 8: 28 
carborundum 8:5 
carboxylic acid 1: 30) 
carnelian 9: 13 a 
case hardening 4: 33, 
cassiterite 10: 34 
cast iron 
casting 6: 
Castner, Hamilton 






26 


Castner-Keliner cell 6: 33 
Castner-Kellner process 14: 18-19 





catalytic converter 12: 41, 8: 16, 
10: 33 

cathode 2: 23, 27, 3: 37, 4: 41, 
6: 12, 13, 7: 18, 19, 10: 11 

cathode ray tube 6: 42 

cathodic protection 4: 7, 32, 33, 
12: 32, 33 

cathodic protector 7: 25 

cation 2: 1 29 





caustic 3: 
6, 32, 34, 35, 





ve formations and caverns 
3:14 
Cd see cadmium 
De see cerium. 
cell 6: 13 
cellulose 


caves, 








8, 31, 38, 12: 14 





cement 3: 5, 21, 

ceramic 9: 29, 31 

cerise 10: 30 

cerium (Ce) 16: 38 

cerussite 10: 7 

cesium (Cs) 16: 39 

cesium-137 15: 39 

Cf see californium 

CFCs see chlorofluorocarbons 

chain silicates 9: 24 

chalcedony 9: 13 

chalcopyrite 5: 6, 13: 12 

chalk 3: 4, 10 

chalk 8: 10 

charcoal 8: 22-23, 11: 26, 13: 41 

charge, furnace 4: 24, 25 

chemical bonds 8: 7 

Chernobyl 15: 37 

china clay 9: 26, 28 

chlorates 14: 24 

chloride ions 
14: 8, 20 

chlorinated hydrocarbons 14: 30 

chlorination 14: 11 

chlorine (Cl) See Vol. 14 and 
Vol. 16: 11, 14, 40-41; 
4: 15, 2: 7, 12, 23, 26, 27, 

, 8: 33, 12: 12, 
13: 20, 40 

chloroethylene 8: 33, 14: 23 

chlorofluorocarbons 12: 12, 
14: 38, 39 

chloroform 14: 5 

chlorophyll 3: 34 








14, 2: 9, 22, 26, 












cholera 14: 16 

chromatography 7: 35, 8: 20 

chrome 12: 32 

chrome alloys 4: 36 

chrome oxide 4: 38 

chrome steel 4: 36 

chromic acid 4: 37 

chromic oxide 4: 37 

chromite 4: 36 

chromium (Cr) See Vol. 4 and 
Vol. 16: 42; 9: 29 

chromium oxide 11: 24, 25 

chromium III oxide 4: 39 

cinnabar 6: 5, 26 

circuit 9: 36, 

atric acid 

citrine 9: 12 

Cl see chlorine 

clay 3: 29, 7:7 

Cm see curium 

CN gas 14: 26 

Co see cobalt 

coal 8: 7, 10, 13, 12: 24, 38 

cobalt (Co) See Vol. 16: 43; 
4:34, 41,9: 7,41 

cobalt hydroxide 1: 33 

cobalt sulfide 13: 24 

cobalt-60 15: 17, 27, 43 

coinage metals 5: 4 

coins 5: 20 

coke 1: 24, 4: 








7 
18, 30, 31 





8, 34, 36, 9: 26, 29 

















5:11, 10: 10, 
6, 29, 13: 27 








combustion 11: 39, 12: 34, 38, 


13; 14 





35, 39, 1 16: 4, 11-13, 
Comstock Lode 5: 30, 31 
concentrated acid 1 
conchoidal fracture 9: 15 
concrete 3: 5, 23, 15: 9, 35. 
condensation nuclei 14: 8, 40 
condensation polymers 8: 36-37 
conduction, electrical 2: 22, 23, 

5: 16, 7: 28, 12: 
conduction, heat 5: 15, 7: 29, 

30, 31 
Contact process 13: 28-29 
control rods 15: 34, 35 
copper (Cu) See Vol. 5 and Vol. 
1, 44-45; 1:12, 29, 

F , 10, 12, 




















20, 22, 37, 
217, 1 
, 37, 12: 
copper carbonate 
13: 34 
copper chlorate 14: 24 
copper chloride 1. 
copper complex 5: 27, 13: 37 
copper deficiency 5: 22 
copper hydroxide 1: 33, 5: 27 
copper nitrate 5: 14, 26, 11: 31 
copper ores 5: 6-7, 10 
copper oxide 5: 8, 9, 11, 24, 26, 
8: 17, 1 
copper sulfate 1: 25, 3: 37, 
5: 13, 23, 24, 26, 6: 10, 12, 
32, 34-37, 42 













coral 3: 4. 9, 10 





corrosion 1: 9, 26, 36, 3: 13, 36, 

4:6, 7, 8, 9, 10, 32, 35, 37, 

40, 41, 5: 15, 21, 6: 16, 

7: 14, 33, 10: 38, 12: 30, 32 
corundum 7: 6, 9, 12: 11 
cosmetics 10: 30 
cosmic radiation 15: 10, 14, 15 
coyalent bond 1: 11 
Cr see chromium 
cracking 1: 14, 1 
cross-linking 8: 34 
crude oil 1: 14, 15, 8: 24, 25, 

26, 27 
eryogenics 1: 41 
cayolite 7: 18 
crystal 2: 8, 9, 13, 22, 35, 9: 10, 11, 

12, 13, 14, 15, 20, 21, 24, 25, 

28, 29, 37 
crystals 3: 8, 4: 13, 5: 24, 7: 6, 16, 

3: 8-9, 13: 10-11, 33, 14: 8 
Cs see cesium 
CS gas 14: 26 
Cu see copper 
cubic 9: 20 
cubic crystal 2: 8, 9, 22, 4: 18, 19, 

13: 12, 13, 15 

cubic zirconia 9: 21 
2 


and Pierre 15: 5, 
















$::26,.27) 


curium (Cm) 16: 46 

currency 5: 41 

current 9: 34 

cyanide 14: 26 

cyclotrimethylenetrinitramine 
11: 27 

Czochralski method 9: 35 


D 


Daniell cell 6: 13 

Daniell, John 6: 12 

Darby, Abraham 4:5 

Db see dubnium 

DDT 8: 42, 14: 29 

decomposition 3, 10: 20; 21, 
11: 25, 32, 14:7 

decorative brass 5: 19 

decrepitation 11: 32 

deflagrating spoon 13: 14 

dehydrating agent 13: 26 

dehydration 1: 24, 8: 19 

deionized 1: 10 

denitrifying bacteria 11: 23 

dental 14: 5 

desalination 2: 14 

desert roses 3: 8, 13: 13 

detergent 2: 37, 40, 3: 40, 12: 21, 
11: 43 

deuterium 15: 30, 38 

deuterium-tritium fusion 15: 30, 

dialysis 2: 19 

diamond 7: 6, 8: 8, 9: 12, 13, 21, 
14: 37, 16: 10, 

diaphragm (clectrolysis) 2: 26 

diaphragm cell 1: 14, 14: 18, 20, 
21,25 

dichlorodiethyl sulfide 13: 40. 

die-casting 

diesel 1: 14, 8: 26, 27 

dilute acid 1: 19 

diode 9: 34, 35, 37 

dioxins 14: 29 


















diphosphine 11: 39 
discharge tube 1: 43, 2: 38, 39 
disinfectant 4: 42, 11: 12 

14: 16, 43 
displacement reaction 14: 41 
dissociate 


13,11, 19, 30, 31,32; 





dissolying, aluminum 7: 14-15 
distillation 8: 25 

distilling nitrogen 11: 8 

DNA 1:8, 9 

dolomite 3: 
doping 9: 35 

Downs process 2: 26, 14: 19 
dry ammonia 11: 14 

dry batteries (cell) 6:5, 14 
dry cell 4: 41 

dry cleaning 14: 30 

dry ice 8: 14 

dry zinc-silver battery 6: 13 
dubnium (Db) 16: 47 
duralumin 7 
Dy see dysprosium 
dyes 1: 24, 7: 37 
dynamite 14: 13, 27 
dysprosium (Dy) 1 


15 


16: 49. 


see scandium, 





37, 10: 7, 12: 27 























ebonite 13: 38 
cinsteinium 
ckaboron 
electrical cable 7: 28 
electrical conduction 2: 23, 23 
electrical conductor 
electric are process 4: 2 
electricity 9: 34 
electrode 3: 37, 4: 11, 41, 6: 12, 















10: 29, 12: 9, 18, 13: 30, 31, 
14: 19 
electrolytic cell 7: 18, 19, 43 
electron 1: 36, 
12, 13, 9:34, 35, 10: 20, 
15: 6, 7, 8, 16: 4, 11, 16 
electron shell 14: 6, 16: 5 
electromes 9: 36 





37, 7: 26 
electrostatic precipitators 13: 23 
clement 1-15: 4, 16-18: 4 
boiling point 16: 16 
colour 16: 15 
density 16: 16 
melting point 16: 16 
name 16: 15 
elemental, gases 16: 11 
elemental, state 16: 4 
elements 
origin of 15: 7 
extraction from their 
compounds 16: 14 
relative abundance 16: 4 
emerald 4: 36, 9: 12, 22, 12: 10 
emery 7: 6 
emitter 9: 36 
emulsion 4: 38. 
enriched uranium 15: 
environmental damage 1 













0, 5: 16, 6: 10, 


environmental impact 8: 42-43 
Epsom salts 13: 32 
equations 1-15: 46-47, 16-18: 56- 





Er see erbium 
erbium (Er) 16: 50 
Es see einsteinium 









esters 0), 8: 29, 41 
ethane 8: 28 

ethanol 8: 28 

ethyl acetate 8: 29 


ethylene 1: 14, 8; 27, 29, 32, 33, 
13: 40, 14: 10, 

ethylene glycol 8: 37, 12: 36, 37 

ethyl ethanoate 8: 29, 31 

ethyne 8: 29 

Eu see europium 

europium (Eu) 16: 

evaporated 14: 8 

evaporation 2: 

exothermic 



















exothermic re 

12:14 
explosives 14: 24, 11: 24-29, 36 
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extrusion 


F see fluorine 
fallout, nuclear ae 39 
fase re. 





Fe see iron 
feldspar 2: 8, 41, 7:7, 10, 9: 10, 11, 


26, 28 
Fermi, Enrico 1 
fermium (Fm) 1 
ic hydroxide 1: 33, 4: 14 
ferric oxide 1 
ferrocyanide 4: 15 
ferrous 4: 14 
ferrous hydroxide 4: 15 
fertilizer 1: 16, 24, 26, 2: 5, 40, 

11: 12, 13, 20-21, 36, 13: 17, 

29, 43 
film badge 15: 12 
fire extinguishers 7: 38, 8: 15 
fireworks 11: 26 
firing 9: 28 
fission 15: 
fission bomb 15 
fixing 5: 32 
fixing nitrogen 11: 16-19 
flame retardants 12: 35 
float glass 9: 40-41 
flocculate 3: 25 
flotation 5: 10, 11 
flowstone 3: 14 
fluorescence 14: 9 
fluorescent lights 42 
fluorescent tube 1: 42, 2: 38, 39 
fluoride 14: 4, 5 
fluorine (F) See Vol. 14 and Vol. 

1 8: 33, 12: 10 
fluorite 14: 





33 








fe 











9, 34 






















food chain 6: 39 
fool's gold 4: 18, 13: 13 
forged 4: 28 
formaldehyde 8: 28, 
formalin 8: 28 


Fort Knox 5: 41 


fossil 3: 11 

fossil fuels 3: 13, 8: 11, 12, 
13: 5.16 

fossy jaw 11: 38 

ancium 

fractional distillation 112 8, 9, 
12:17 

fractionation 8: 24-27 

fractionation column 

fractionation tower 1: 14, 8: 26. 

fractions 8: 25, 26 

framework silicate 9: 14. 15 

francium (Fr) 17: 4 

Frasch process 13: 16, 17 

Frasch, Herman 13: 16 

g point, water 2: 24 

freon 14: 38, 

froth flotation process 6: 8, 10: 11 

fucus red 

fuel 1 

fi 

fuel rod 15: 

fuming nitric acid 1 

fungicide 5: 22, 23, 6: 24, 25) 
14: 28 

furnace 4: 30 

fused silica 9: 38 

fusion 1: 6, 7, 15: 30-31 

fusion bomb 15: 38 


Ga see gallium 


adolinium (Gd) 17: 5 
galena 10: 6,7 
gallium (Ga) 17: 6 

gallium arsenide 6: 42 












free 






























C 
galvanized iron 4: 10 
galvanizing 6: 16-17, 12: 3 
gamma radiation 15: 8, 9, 1 
gamma ra 

gangue 5 
gamet 
gametiferous mica-schist 9: 20 
gas:4 

gwsoil I 














germanium 
er counter (Geiger-Miiller 
tube) 15: 12, 13, 21 

eiger, Hans 15: 12 
gelatin 5: 32 
gelatinous precipitate 4: 15, 13: 36 
gemstone 7: 8, 9, 9: 12, 13, 12: 10 
germanium (Ge) 17: 7 
geysers 3: 17, 13: 9 
gilding metals 5: 18 

























30, 38, 40, 41, 10: 26, 27 


tlobal ees 12 

glucinium see beryllium 

glucose 5: 34, 8: 10, 11, 18, 12: 15 

2a 5 

rol trinitrate 8: 6, 11: 27 

poitee 14: 40 

gold (Au) See Vol. 5 and Vol. 
17: 8-9; 6: 8, 37, 39, 9: 16, 
10: 7, 11. 14: 37 

gold leaf 5: 40 











gold plating 5: 43 

gold rush 5: 37, 38 

Goodyear, Charles 8: 35, 13: 38 

grains 9: 21 

granite 2: 8, 41, 7: 6, 10,92 11, 20, 
22; 23, 15: 18,23 

graphite 7: 19, 8: 8, 9, 22, 14: 18, 
19, 16: 10. 

green gold 5: 42 

Greenhouse Effece 7: 41, 8: 12, 42 

greenhouse gas 7: 40) 

green vitriol 13: 32 

groups (Periodic Table) 16: 5, 8 
see also Periodic Table 

Guinea 7: 11 

guncotton 11: 27 

gunpowder 2: 41, 11: 26, 
13: 40, 41 

gypsum 3: 8, 
13,32 




















H 


H see hydrogeiy 

Ha (hahnium) see dubnium 

Haber-Bosch process 1: 16, 17, 
11: 16 

hathium (Hf) 17: 

hahnium (Ha) se 

half-life 15: 16-17, 18 

halides 5: 33, 14: 8 

halite 2:8, 9, 14: 8, 9 

Hall, Charles Martin 7: 12 











Hall-Heroult process 7: 19 
halogens 2: 40, 3, 14: 4, 
6, 22, 


halothane 14: 5. 


hard water 3: 38, 40 
hassium (Hs) 17: 11 

He see helium. 

heart 2: 41 

heat conduction 5: 15 

heavy water 16: 14 

helium (He) See Vol. 1 and 





encase 12: 15 

Henckel, Johann 6: 8 

herbicides 8: 42 

Héroult, Paul L. T, 7; 12 

hexagonal crystal 9: 10, 

hexandioic acid 8: 36 

hexan-dioyl chloride 8: 38 

Hf see hafnium 

Hg see mercury 

high-level waste 15: 40 

Hiroshima 15; 38 

Ho see holmium 

Hoffman's Voltameter 1; 10, 11, 
12: 18 

holmium (Ho) 17: 13 

hornblende 9: 24, 43 

hot springs 3: 17 

Hs see hassium. 

Hs (wolfram) 

hydrated 13: 

hydrated, lime 3: 24 

hydrocarbons 8; 
14: 23 








6: 11, 28, 8: 15, 11: 36 
14: 10, 11, 13, 15, 17, 22, 23, 
32, 33, 34, 35 

hydroelectnc power 7: 13 





hydrofluoric acid 14: 37 
hydrogen (H) See te and 





hydrogen bomb 15: 21 

hydrogen bonding 1: 8-9, 10, 11 

hydrogen chloride 1: 22, 14: 13, 
32, 33, 34 

hydrogen fluoride 14: 37 

hydrogen gas 63 11 

hydrogen ions 4: 10, 20, 32, 34, 36, 
12: 9,19 

hydrogen peroxide 12: 21 

hydrogen sulfide 1: 27, 2 
4: 18, 5: 29, 34, 6: 40, 13: 4, 
10, 16, ay 

hydrogen-3 (tritium) 15: 17 

hydrometer 13: 31 

hydrophilic 2: 37 

hydrophobic 2: 37 

hydrothermal deposits 

hydrothermal veins 5: 30, 

hydrothermal vents 13: 8 

hydrous 4: 13 

hydroxide ions 1: 10, 11, 20, 32, 
34, 33:25, 29, 12:9 

hypochlorous acid 14: 17 


I 













1 see iodine 


ice 1: 8 
ice, prevention 2: 24 
Iceland Spar 3: 8 





igneous rock 9: 11, 18, 20, 21, 23, 
25(152 18 

In see indium 

incandescent lights 1: 42, 43, 
11:1 

incendiary device 11: 40 

indicator 1: 21, 35, 2: 6, 7, 4: 6, 
14: 15, 12: 18 

indium (In) 17: 16 

induction period 12: 36, 37 

inert 1: 39 

inert gas 1: 36, 38 

infrared radiation 10: 20 

inner transition metals see 16: 8 
Periodic Table 

inorganic chemicals 8: 5, 16: 13 

insoluble 1: 32 

insulator 9: 34 

intermediate level waste 15: 40, 

internal combustion engine 8: 16, 
12: 40 

iodine (1) See Vol. 14 and 
Vol. 17: 17 

iodine-131 15: 43 

ton 13 11, 34, 36, 2: 22, 23, 27, 
3:29, 41, 4: 19, 23, 6: 13, 





ionization 15: 12 
ionize 12: 9 

ionized 1: 11 

ions 7: 18, 9: 26, 38 

Ir see iridium 

iridium (Ir) See Vol. 17: 18; 5: 28 
iron (Fe) See Vol. 4 and Vol. 17: 

3 36, 6: 16, 





iron filings 4: 7 

iron foundry 

iron hydroxide 4: 11, 14, 15, 
12:31 

iron ore 4: 

iron oxide 









iron sulfate 
iron sulfide 4: 18, 19, 21, 





iron III compounds 4: 14 

iron III hydroxide 1: 33, 4: 11, 14 
iron IT compounds 
iron II hydroxide 
irradiation 15: 42-43 
irrigation 2: 20, 21 
isoprene 

isotope 11: 









jade 9: 12, 24 
Jamaica 7: 1 

jasper 9: 13 

jet engines 9: 30) 
jewelry 5: 28, 40, 8: 8 
junction diode 9: 34, 35 


K 


K see potassium 

kaolinite 7: 7, 9: 26, 28, 29 

karst 3:11 

Kellner, Karl 2: 

kerosene 4, 8: 26, 27, 12: 38 

key facts, explanation 16: 15 

kidneys 2: 19, 41 

kiln 9: 28, 29 

KLEA 14: 39 

knocking 10: 32 

Kr see krypton 

Krugerrand 5: 41 

krypton (Kr) See Vol. 1 and 
Vol. 17: 2) 

krypton-92 15: 28 

kyanite 9: 21 









L 


La see lanthanum. 

lampblack 8: 22 

lanthanides, lanthanide series 16: 8 
see also Periodic Table 

lanthanum (La) 17: 22 

laterite 4: 17, 7: 11 





16 

lava 3: 8,9: 11, 1 
Lawes, John 13: 43 
lawrencium (Lt) 17: 23 

lead (Pb) See Vol. 10 and Vol. 








17: 24-25; 6: 8, 21, 13:30, 
15:9. 10, 11 

lead-acid battery 6: 13, 10: 28, 29, 
13: 30-31 


lead carbonate 10: 7, 24 

lead chamber process 10: 17 

lead chromate 4: 39 

lead dioxide 10: 18, 28, 
13: 30 

lead IV oxide 10: 18 





29,12: 22, 


leaded fuel 10: 32 

leaded glass 10: 23 

lead flashing 10 

lead hydroxide 10: 31 

lead in fuels 10: 

lead monoxide 10: 
12: 22 

lead nitrate 4: 39, 10: 20, 
11: 32, 33, 13: 24 

lead oxide 10: 18, 26, 27, 28, 29 

lead pipes 10: 22 

lead poisoning 10: 14, 31 

lead shot 10: 14, 15 

lead silicate 1 







8, 10, 18, 21 











lead sul 
13: 32, 

lead sulfide 10: 7, 10, 13, 30, 
13: 12,24 





lead II oxide 10: 8, 18 

Leblanc, Nicolas 2: 28. 

Leclanché cell 6: 14 

Leclanché, Georges 6: 14 

legumes 11: 18 

Les Baux 7: 11 

leukemia 1 

Li see lithium 

Liberty Bell 5:21 

light 14: 7 

light-emitting diode (LED) 
9: 34, 35 

lighthouse 

lightning 1 

lignin $: 18 

232, 2: 29, 3: 22, 24, 4: 30, 















lime 


limestone ro 
limewate 
limonite 4: 
liquefied petroleum gas (LPG) 8: 27 
liquid air 12: 17 

liquid crystal display (LCD) 9: 37 
liquid nitrogen 11: 8, 9 

litharge 10: 8, 18 

lithium (Li) 17; 26 

litmus 1: 21, 14: 15 

litmus paper 
lode 5: 30, 36, 10: 34, 35 
12 














lodestone 
low-level waste 15: 41 
Lr see lawrencium 

Lu see lutetium 
lubricating oil 1: 14 
lutetium (Lu) 17: 27 


M 


Macintosh, Charles 8: 35 
magma 5: 30, 6: 6, 9: 16, 21 









magma chamber 9: 

magnesium (Mg) See Vol. 3 and 
Vol. 17: 28-29; 
4: 6, 22, 62 22, 7: 25 
rr 

magnesium carbonate 3: 37, 43 

magnesium hydroxide 1: 32, 
3: 42, 43 

magnesium ions 3: 34, 40) 

magnesium oxide 





), 9: 26, 











magnesium ribbon 3: 34, 37 
magnesium silicate 9: 27 
magnesium sulfate 13: 32 
magnetic flea 4: 39 
Tegeetic perpen 2t 
magnetite 
malachite 
mallee 2: 17 
manganese (Mn) See Vol. 4 and 
Vol. 17: 30; 7: 20, 29, 
41, 43 
manganese carbonate 4: 42 
manganese chloride 14: 11 
manganese dioxide 6 
manganese nodules 4: 41 
manganese oxide 4: 40, 41, 43 
manganese sulfate 
anese sulfide 
mangrove 2: 
manure 11: 20 
marble 3: 4, 18 
Marram grass 22 17 
massicot 10: 18, 12; 22 
matches 1 
Md sce mendelevium 
medicines 13: 42 
meitnerium (Mt) 17: 31 
membrane 2: 15, 27 
“memory” brass 5: 19 
Mendeleev, Dmitri Ivanovi 














m: 











mendelevium (Md) 17: 
meniscus 6: 30 
mercuric chloride 
mercuric chromate 6: 29 
mercuric nitrate 6: 28, 29 
mercuric oxide 6: 
mereuri¢ sulfide 
mercurochrome 
mercurous chloride 
mercury (Hg) See Vol. 6 and 
Vol. 17: 33-34; 1: 37, 5: 35, 
42, 7: 22, 11: 37, 14: 18 
mercury amalgam 14: 19 
mercury battery 6: 32 
mercury cathode cell 6: 33, 
14: 18, 19 
mercury cell 6: 15, 33 
mercury poisoning 6: 38 
mercury vapor lamps 6: 34 
metalloids 16: 8 see also Periodic 
Table 
metal oxides 1 
metals 1: 12, 32. 36, 2: 6. 
9: 20, 26, 34, 16: 
Periodic Table 
metamorphic rock 9: 20, 23, 24 
meteorites 4: 12 
methane 8: 6, 24, 28 
methanol 1: 4 
methyl benzene 13: 10, 14:7 
methylene chloride 14: 31 
methyl group 9: 32 
methylmercury 
methyl orange 1:21, 35 
Mg see magnesium 
mica 7: 7, 9: 26 
microchip 9: 37 
microcrystalline 
micronutrient 5: 
microorganisms 14: 16 
microprocessors 
mild steel 
Milk of Magnesia 3: 42 































42,336, 
also 

































mineral acid 1: 18, 19, 2: 








13: 26, 27 
mining 2: 12, 5: 10, 30, 36, 38, 

7: W-11, 10: 6, 7, 12, 34, 36 
mirrors 5: 34, 5 





mixtures 4: 20, 16: 4, 12 

Mn see manganese 

Mo see molybdenum 

molecule 2: 19, 27, 9: 11, 12: 9, 
13:6 

molybdenum (Mo) See Vol. 17: 
35; 4:34, 13: 12 

monoclinic crystal 13: 10, 11, 13 

monomer 13: 38, 39, 8: 32, 33 

monoxide gas 10: 10 

mordant 7: 36 

mortar 2 

MOSFETs (metal oxide 
semiconductor field effect 
transistors) 9: 36 

Mt see meitnerium 

mullite 9: 29 

murex 14; 42 

mutriatic acid 14: 34 

muscles 2: 41 

muscovite 7: 6, 9: 26, 27 

mustard gas 13: 40, 14: 26 


N 














N see nitrogen 

Na see sodium 

Nagasaki 15: 38, 39 

nail-polish 8; 29, 31 

nail-polish remover 8: 29, 31 

naphtha 1: 14 

napping 9: 14 

native copper 5: 7 

native elements 16: 10 

native gold 5: 36 

native metal 4; 12, 13 

native silver 5: 30 

natural gas 8: 10, 13, 24 

Nb see niobium 

Nd see neodymium 

negative terminal 6: 14 

Ne see neon 

neodymium (Nd) 17: 36 

neon (Ne) See Vol.1 and 
Vol. 17: 37 

“neon” lights 2: 39, 17; 37 

neon tubes 1: 40. 

neptunium (Np) 17: 38 

nerve cells 2: 18 

neutral 1; 20, 34 

neutralization 1: 34-35, 2: 31, 33 

neutralize 3: 21, 25, 43 

neutron radiation 15: 8, 9 

neutrons 15: 7, 8, 28. 16: 4,5 

Ni see nickel 





nickel (Ni) See Vol. 17: 39; 4: 34, 


36, 41, 5 40, 7: 22 
nickel-cadmium cell 6: 41 
nickel sulfide 13: 12. 25 
nielsborhium (Ns) see dubnium 
Nightingale, Florence 14: 16 
niobium (Nb) 17: 40 
niobium-101 15: 29 
nitrate fertilizer 11: 20 
nitrates 11: 20 


nitric acid 1: 18, 22-26, 27, 37, 
5: 14, 26, 6: 28, 7: 33, 11:5, 
6, 7, 13, 30, 33, 36-37 

nitric acid, fuming 5: 14 

nitric oxide 1: 26, 10: 17, 11: 7, 
34, 35, 37, 43 

nitrifying bacteria 1 

nitrocellulose 11: 27 

nitrogen (N) See Vol. 11 and 
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Vol. 17: 41-42 
nitrogen 1: 8, 16, 17, 42, 8: 6, 36, 
12: 17, 15: 10 











nitrogen cycle 1 
nitrogen dioxide 


42, 43 

xing bacteria 11: 18 

xing nodules 11: 19 

nitrogen oxides 7: 

nitroglycerin 8; 6, 1 

nitrous oxide 11: 34 

No see nobelium 

Nobel, Alfred 11: 27 

nobelium (No) 17: 43 

noble gases 1: 5, 38-39, 11: 8, 
16: 11 

noble metals 5: 28, 6: 28 

nonmetals 16: 8 see also Periodic 
Table 

nonstick 14: 37 

Novocaine 14: 5 

NO, 11: 34-35 

Np see neptunium 

Ns (nielsborhium) see dubnium 

n-type region 9: 34 

nuclear accidents 153 36-37 

nuclear energy (nuclear power) 
1: 6, 15: 32-33 

fasion 1 

nuclear power station 15: 32 

nuclear reactions 15: 

nuclear reactors 15: 34-35 

nuclear waste 15: 40 

nuclear weapons 1! 

nucleus 15: 4, 6, 7, 8 








nucle: 
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Oo 


O see oxygen 

obsidian 9: 15 

ocher 4: 15 

octane 1: 14 

octane numbers 10: 32 
Oersted, Hans Christian 7: 12 
oil 8: 10, 13 

oils 1: 30 

oil spill 8: 42 
oil-storage tanks 3: 
olivine 9: 21, 27 
oolitic limestone 3: 10 
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opal 9: 14 
oral rehydration 2: 18 
ore 3: 10, 4: 17, 18, 24, 27, 36, 








. 6: 6, 8, 7:10, 11, 13, 
10: 6, 8, 10, 34, 35, 36, 
13: 12, 15 
ore-flotation 5: 11 
organic acid 1: 18, 19, 30, 31, 
2: 30, 3: 39 
organic chemicals 8: 5, 20, 42, 43 
organic compounds 8: 28, 16: 13 
organic solvents 14: 7 





organochloride 14: 28, 29 
Os see osmium 

oscillator 9: 37 

osmium (Os) 17: 44 

osmosis 2: 14-15, 16, 17, 19, 25 
oxalic acid 1: 30 

oxidation 3: 35, 4: 11, 13, 23, 27, 









& 6, 14, 24, 
34, 36, 14: 11, 14, 15, 16 

oxide 4; 8, 9, 17, 7: 7, 8, 14, 24, 

, 10: 8, 12: 10, 





oxidization 10: 11 

oxidize 4: 8, 16, 27, 30, 31, 40, 
13: 20 

oxidizing agent 4: 42, 43, 6: 28, 
11: 30, 12: 20, 37 

oxyacetylene 12: 16, 39 

oxygen (O) See Vol. 12 and Vol. 
17: 45-47; 1: 8, 10, 11, 2: 
43, 4: 9, 11, 12, 14, 16, 22, 
23, 30, 40, 41, 7: 6, 38, 39, 
8: 10, 11, 18, 28, 9: 9, 10, 26, 
33, 38, 11: 7, 9, 33, 35, 
13: 14, 14: 24, 25. 

oxygen cycle 12: 14 

‘oxygen, test for the presence 17: 47 

ozone 11 12: 6, 12, 13, 42, 43, 
14: 38, 39 

ozone layer 14: 38 


P 


P see phosphorus 

Pa see protactinium 

painkillers 14: 5 

paint 6: 19, 10: 24, 25, 12: 21, 32 

paint stripper 14: 31 

palladium (Pd) See Vol. 17: 48; 
5: 28, 12: 41 

panning 5: 39 

paraquat 14: 29 

Parkes, Alexander 8: 31 

Parkes process 10: 10, 11 

patina 1: 29, 5: 4, 6, 27 

Pb see lead 

PBB sce polybrominated biphenyls 

PCBs sce polychlorinated biphenyls 

Pa see palladium 

pearl 3:4 

pentaerythrite tetranitrate 11: 27 

perchloric acid 12: 39 

percolate 3: 14, 15 

Periodic Law 16: 

Periodic Table 1-15: 44-45, 
16: 4, 
17-18: 54-55 

periods (Periodic Table) 16: 5 
set also Periodic Table 

permanent hardness 3: 38 

pesticide 2: 30, 6: 24, 25, 8: 42, 
13: 42, 14 

Pete Bog 15: 18 

PETN 11: 27 

petrochemical plant 8: 26, 29 

petrochemicals 8: 26 

petroleum 8: 7, 24, 14: 22 

Pewter 10: 40 

pH 4: 20, 21, 28 

phenolphthalein 1: 21, 2: 6, 7, 
11: 15 

phosgene 14: 26 

phosphates 11: 42 























phosphine gas 11: 39 

phosphor 6: 35, 42, 43 

phosphor bronze 5: 20 

phosphoric acid 10: 24, 11: 42, 
12:32 

phosphorus (P) See Vol. 11 and 
Vol. 17: 49-50; 3: 40, 5: 20, 
9:34, 10: 41 

phosphorus oxide 11: 39 

phosphorus, red 14: 25 

photochemical smog 12: 42 

photoelectric cell 6: 5, 42, 43 

photoelectric properties 10: 20 

photographer's hypo 5: 33, 13: 33, 
14:43 

photographic films 8: 41 

photography 5: 32, 14: 42, 43 

photon 6: 43 

photosynthesis 8: 10, 11, 12: 6, 14 

photovoltaic cell 6: 42 

pickling 2: 25 

piezoelectric effect 9: 37 

pig iron 4: 24, 27, 28, 30 

pigment 4:38, 6: 24, 40 

pitchblende 15: 22, 24 

placer deposit 5: 39, 10: 36 

plaster 3: 5, 31 

Plaster of Paris 3: 31, 13: 12, 32 

plastic 8: 30-31, 43, 

plastic, properties 8: 30 

plastics 14: 22, 23 

plastic sulfur 13: 7 

platinum (Pt) See Vol. 17: 51; 
5: 28, 10: 33, 11: 37, 12: 41, 
14: 20 

playa lakes 14: 8, 9 

playas 2: 10 

plumbing 10: 22 

plutonium (Pu) See Vol. 17: 52; 
15: 26, 34, 35, 38 

Pm see promethium 

Po see polonium 

poison 6: 32, 11: 38 

poison gas 14: 26 

pollutants 7: 42, 14: 16 

pollute 11; 20 

pollution 2: 20-21, 33, 3: 13, 
10: 12, 12: 40, 42, 13: 18, 
19, 22, 23, 15: 20 

polonium (Po) See Vol. 1 
15: 23, 

polonium: 












3; 








210 15: 17 

polybrominated biphenyls 14: 29 

polychlorinated biphenyls 14: 28 

polychloroethylene 8: 33, 143 10, 
22,23 

polyester 8: 31, 36, 37, 40, 41 

polyethylene 8: 31, 32, 14: 23 

polyfluoroethylene 14: 22, 23 

polymer 2: 26, 9: 33, 13: 38, 39, 
14: 23, 36 

polymerization 8: 32-39, 13: 39, 
14: 22, 9: 4, 32 

polymers 8: 30-41 

polystyrene 8: 31, 33 

polytetrafluoroethylene 8: 31, 33, 
14: 36, 37 

polyvinyl benzene 8: 33 

polyvinyl chloride 8: 33, see also 
polychloroethylene 

polyvinyl fluoride see 
polyduoroethylene 

porous 3: 10, 4:9 

porous bronze 5: 20 











Portland cement 3: 23 

positive terminal 6: 14 

potash 2: 40 

potash salts 2: 41 

potassium (K) See Vol. 2 and 
Vol. 18: 4-5; 4: 6, 7: 6, 
9:11, 26 

potassium carbonate 2: 40 

potassium chlorate 11: 41, 
14: 24, 25 

potassium chloride 6: 13, 14: 11 

potassium chromate 4: 38, 39, 6: 29 

potassium dichromate 

potassium-40 15: 11 

potassium hydroxide 2: 42, 4: 43, 
6:15 

potassium iodide 14: 41 

potassium manganate 4: 4 
14: 15 

potassium metal 2: 42 

potassium nitrate 1: 27, 2: 
42,43, 4: 42, 43, 11: 4, 21, 
26, 36, 13: 41 

potassium nitrite 2: 43 

potassium permanganate 4: 42, 43, 
12: 21, 36, 37, 14: 10 

potassium phosphate 2: 40 

potassium sulfate 2: 40 

pottery 9: 28 

power stations 13: 22 

Pr see praseodymium 

praseodymium (Pr) 18: 6 

precious metal 5: 28, 10: 16 

precipitate 3: 7, 16, 26, 38, 4: 39, 
41, 13: 23,36, 37 

precipitation 3: 14, 14: 8 

preservatives 13: 42 

preserving 2: 25 

primary dry battery 6: 15 

printed circuits 5: 17 

procaine hydrochloride 14: 5 

promethium (Pm) 18: 7 

protactinium (Pa) 18: 8 

protein chain 8: 36 

proteins 8: 10, 18, 36, 11: 4 

proton number 16: 5 

protons 15: 7, 8, 16: 4,5 

prussian blue 4: 15 

Pr see platinum 

PTFE 8: 33 

p-type region 9: 34 




















PVF see polyfluoroethylene 

pyrite 4: 18, 19, 21, 10: 17, 13: 12, 
13, 15, 16, 24 

pyrolusite 4: 41 

pyroxenes 9: 24 





quartz 4: 18, 9: 10, 11, 12, 13, 14, 
15, 18, 26, 37, 38, 12: 10 

quartzite 9: 16 

quicklime 3: 20, 22, 24 

quicksilver 6: 26 


R 
Ra see radium 
radium (Ra) 18: 9 
radiated 7: 30 
radiation 1: 7, 10: 26, 31, 15: 8, 
42,43 


radiation sickness 15: 42 

radiation therapy 15: 43 

radioactive decay 15: 16 

radioactive decay, graph 15: 16 

radioactive elements 15: 4, 6, 26- 
27, 16: 8 

radioactive isotopes 1: 42 

radioactive tracers 15: 20-21 

radioactivity 15: 5, 7, 8-9 

radioisotopes 1 

radium 1: 43, 1 
22-23, 36 

radon (Rn) See Vol. 1 and Vol. 
18: 10; 15: 14, 23, 16: 10, 

Ramsay, Sir William 

rate of chemical reaction 2: 24 

Ravenscroft 10; 22 

rayon 8: 38 

Rb see rubidium 

RDX 11: 27, 28 

Re see rhenium 

reaction 3: 6 

reactivity 2: 7, 42, 4: 7, 5: 15, 29, 
41, 6: 16, 7: 6, 14, 24-25, 
10: 16, 11: 10, 14: 5, 6, 41 

reactivity series 1: 36, 2: 7, 3: 36, 




















recycling 7: 40 
red gold 5: 42 
red lead 10: 18, 24, 12: 22 
red mud 7: 17, 42 
red mud pollution 7: 42 
red phosphorus 1 
redox reaction 12: 24, 25 
reduced 43 24, 10: 8 
reducing 14: 14 
reducing agent 4: 
8:16, 17,1 











reduction 4: 11, 23, 5: 8, 9, 7: 18, 


12: 24, 25, 26, 13: 20 
refining 5: 12, 31, 39, 6: 9, 37, 
7: 12, 18-19, 12: 28, 29 
refining metals 1: 4 
reflection 7: 30 
refrigerants 14: 38, 39 
refrigeration 11: 12 
refrigerator 14: 38, 39 
Reims cathedral 3: 13 
reinforced concrete 4: 
relative atomic mass 1 
rem (roentgen equivalent in man) 
15: 43 
reprocessing, uranium 15: 25 
resin 3: 41, 12: 20 
resistors 9: 37 
respiration 8: 10, 12: 14 
reverse osmosis 2: 14 
RE see rutherfordium 
Rh see rhodium 
rhenium (Re) 18: 11 
Rhizobium 11: 18 
thodium (Rh) See Vol. 18: 12; 
5:42 
rhombic crystal 13: 5, 10, 11 
thombohedral-shaped crystal 3: 9 
rings 9: 22 
riveting 4: 28 
Ra see radon 
rocks 9: 12 
tock salt 2: 8, 10, 12, 14: 8, 9, 19 
Romans 10: 30 
Ru see ruthenium 





















25, 27, 5: 8, 34, 


rubber 8: 34, 35, 9: 33, 13: 38 
rubidium (Rb) 18: 13 
ruby 4: 36, 7: 8, 9, 9: 13, 22, 
12: 11 
27, 8-11, 35, 7: 24, 10: 38, 
39, 12: 30, 32 
rust-inhibitor 11: 42 
ruthenium (Ru) 18: 14 
Rutherford, Emest 15: 9 
rutherfordium (Rf) 18: 15 


S 
S see sulfur 
sacrificial anode 6: 18, 7: 25 
salicylic acid 1; 30 
saline 2; 11, 20, 14: 9 
saline drip 2: 18 
saline solution 
salinization 2: 2( 















14: 8, 9, 19, 34 
salt bridge 6: 13, 14 
saltbush 2: 
salt deposits 2: 8 
salt dome , 14: 19, 13:8 
salt pans 
saltpeter 11: 4, 
salt pollution 2: 20 
salts 2: 40, 41, 42 
samarium (Sm) 18: 16 
sand 9: 38, 40 
sand dunes 9; 19 
sandstones 9: 18 
saponification 2: 34, 36, 37 
sapphire 
saturated 3: 6, 7 
Sb see antimony 
Se andium 








schist 9: 20 

scrubbing 2: 33, 13: 17 

scum 3: 40, 

Se see selenium 

seaborgium (Sg) 18: 18 

sea-salt 2: 13 

seawater 2: 13, 14: 4, 9, 40, 42 

seaweed 14: 4, 9, 40 

secondary battery 6: 13, 13: 31 

sediment 9: 18, 21 

sedimentary rocks 9: 18 

sediments 2: 10 

selenide 9: 41 

selenium (Se) See Vol. 18: 19; 
6: 42 

semiconductor 6: 43, 9: 34, 35 

semumetals see metalloids 

semipermeable membrane 1: 15, 
2:14, 

serpentine 9: 

sewage systems 14: 16 

Sg see seaborgium 

shales 7: 36 

shell diagrams 16: 4, 5 

sheet minerals 

sheet silicate 

Si see silicon 

silica 4: 26, 9: 9, 10, 14, 16, 29, 35, 
38, 39, 42, 43, 10: 26, 11: 38, 
12: 10 

sicate 4; 40, 9: 8, 9, 11, 12, 18, 
20, 26 

silicate groups 9: 9 








silicates 12: 10 
silicon (Si) See Vol. 9 and Vol. 
18: 20-21; 4: 29, 30, 34, 

2, 72 6, 22, 10: 41, 12: 10 

silicon bronze 5 

silicon carbide 8: 

silicon chip 9: 4, 34 

silicone 9: 32, 3: 

silicon wafer 1: 42, 9: 34 

silver (Ag) See Vol. 5 and Vol. 
; 6: 8, 37, 7: 31, 






















silver bromide 5 

silver chloride 5 

silver chloride battery 

silvering 5: 34 

silver iodide 5: 32, 33, 14: 40, 43 

silver oxide battery 6: 15 

silver rush 5: 30. 

silver salts 5: 

silver sulfide 5: 

sink holes 3: 12 
7 





29, 13: 25 





slag 4: 24, 26, 27, 30, 40, 10: 10, 
12: 26 

slaked lime 3: 24, 28, 112 14 

sluice box 5: 38, 10: 36 

Sm see samarium 

smelling salts 11: 12 

smelter 7: 13, 18 

smelting 4: 24-27, 5: 11, 6:8 

smuthsonite 6: 6 

smog 11: 34, 12: 41, 42, 13: 22 











smoke detectors 15: 15 

smoky quartz 9: 12, 13 

Sn see tin 

soap 1: 30, 32, 2: 34, 35, 36-37 


soda 2: 4, 30 

soda ash 2: 29, 30, 7: 16 

soda glass 9: 39 

soda lakes 2: 41 

soda-lime glass 92 38 

sodium (Na) See Vol. 2 and 
Vol. 18: 24-2 36, 7: 6, 
9: 11, 24, 38 

sodium aluminate 2: 32, 7: 15, 17 

sodium azide 11: 29 

sodium bicarbonate 2: 28, 29, 
30-31, 8: 14 

sodium carbonate 2: 28-29, 30-31, 
7: 38, 9: 39, 40, 

sodium chlorate 14: 14, 24, 25 

sodium chloride 1; 32, 2: 6, 7, 8, 9, 
12, 13, 23, 24, 27, 29, 31, 















30, 32, 34, 35, 
30, 32-35, 36, 


14: 14, 19, 20, 21 
sodium ion 1; 34, 
14: 8, 20 
sodium metal 2: 6, 7 
sodium pellet 2: 6 
sodium peroxydisulfate 13: 20 
sodium, radioactive 15: 20 
sodium stearate 2: 36 
sodium sulfate 13: 32, 33 
sodium sulfide 2: 33 
sodium sulfite 13: 20 
sodium thiosulfate 5: 33, 13: 33, 
14:43 


22,.33.40, 











sodium triphosphate 11: 43 
sodium yapor lamps 2: 4 
soil 3: 12, 24, 28, 4: 16-17, 7: 43 
soil conditioner 
solar cell 6: 42, 9 
solder 10: 42, 43 
soldered 7: 
solder glasses 10: 27 
Soliman’s Water 6: 38 
soluble 1: 
solution 

4:7, 15, 17, 

213, 15 

splavion mining 2: 2 
Solyay, Emest 
Solvay process 2: 
solvent 8: 28, 29, 31, 14: 7, 30 


spectrum 

sphalerite 

spontaneous combustion 113 39, 
12: 36, 37 

stable 9: 10 

stainless steel 4: 34, 35, 36 

stalactite 3 

stalagmite 

starches 8: 43 

stars 1 6-7, 15: 31 

state 1-15; 46, 16-18: 56 

stationary she 7:35 

steam 3: 


steel furna 

steelmaking 1 

sterling silver 5: 28 

stomach 1: 28 

Stone Age 9: 14 

stratosphere 12: 1 

striations 4: 18 

strong acid 1: 18, 19, 20, 13: 
19, 26 

strong alkali 1: 20 

strontium (St) 18: 26 

strontium chlorate 14: 2 

strontium-90 15: 27, 39, 42 

strontium-94 15: 29 

styrene 8: 

styrofoam 

Sr see strontium, 

sublimation 8: 14, 15 

sucrose 1: 24, 8: 19 

sugar ts 24, 

sugars 12: 

sulfates 13: 

sulfide 1 

sulfides 5:6, 13: 

sulfites 13: 18, 3, 

sulfur (S) See Vol. 13 aaa Vol. 


19, 20, 21, 30, 


sulfur bridge 1 
sulfur dioxide 
10: 10, 12, 17, 12: 13, 29, 
13: 5, 9, 14, 16, 18-23, 28 
sulfisr, flowers 13: 7 
sulfuric acid 1: 18, 24-25, 27, 37, 


sulfuric acid, dilute 5: 24 
sulfurous acid 13: 18,19 
sulfur oxides 7: 40, 43 
sulfur trioxide 13: 19, 28, 29 
Sun 1: 6, 15: 30 
supernova 15: 31 
superphosphates 1: 24, 11; 42, 43 
superphosphate fertilizers 13: 29 
suspension 4: 38, 13: 17 
swarf 4:7 
swimming pool 14: 16, 17 
swimming pool disinfectant 14: 43 
switch 6: 30 
chemical 1-15: 46-47, 

16: 4, 15, 16-18: 2, 56-57 
synthetic fiber 8: 38-41 
synthetic ivory 8: 31 


E 
Ta see tantalum 
table salt 14: 4, 9 
tale 9: 26 
tantalum (Ta) 18: 29 
tarnish 5: 29 
tamishing 13: 25 
tartaric acid 8, 30,8: 14 
Tb see terbium 
Te see technetum 
Te see tellurium 
tear gas 14: 26 
technetium (Te) See Vol. 1 


teeth 3: 5, 
Teflon 8: 3 
telluride 10: 2¢ 
tellurium (Te) 1 
temperature, effect of salt 2: 24 
tempering 4:33 
temporary hardness 3: 38 
terbium (Tb) 18: 32 
terephthalic acid 8: 37 
tetraethyl lead 10: 32 
tetrafluoroethylene 8: 33, 
14: 36, 37 
tetrahedron 8: 8, 9: 9, 10, 12: 10 
tetraphosphorus trisulfide 11: 41 
Th see thorium 
thallium (TI) 18: 
thermometer 6: 31 
thermoplastic 8: 33, 14: 22 
thorium (Th) 18: 34 
thoron 15: 14 
Three Mile Island 15: 36 
thulium (Tm) 18: 35 
Ti sve titanium 
tiger’s-eye 9: 13 
tin (Sn) See Vol. 10 and Vol. 
18: 36-37; 3: 36, 5: 18, 20, 
6: 37, 7: 4, 9: 16, 40, 
12: 32, 33 
tin can 7: 33 
tincture of iodine 14: 40 
tin dioxide 10: 35 
tin oxide 10: 34 


titanium (Ti) See Vol. 18: 38; 
7: 22, 9: 30, 31, 14: 20 

titration 1: 34, 

TI see thallium 

Tm see thulium 

TNT 8: 6. 11: 13, 27 

topaz 12: 10 

Torricelli, Evangelista 6: 30 

tourmaline 9: 22, 23 


transistor 9: 

transition elements 16: 8 see also 
Periodic Table 

translucent 9: 11 

transmutation 15: 10 

wavertine 3: 8, 14. 16 

trichloroethylene 14: 30 

trinitrotoluene 8: 6, 11: 27 

wripod 4: 43 


tritium 15: 8, 17, 21, 30, 38, 17: 14 


tungsten (W) See Vol. 18: 39; 
4:34 


tungsten ste 
turbines 7: 
turpentine 14: 30 


U see uranium 


ultraviolet light 6: 35, 8: 30, 33, 
12: 12, 14: 39 

Une (unnilennium) see meitnerium 

Unh (unnilhexium) see seaborgium 

Universal Indicator 1: 20, 12: 18 

unleaded fuel 10: 33, 

unnilennium (Une) see meitnerium 

unnilhexium (Unh) see seaborgium 

unniloctium (Uno) see hassium 

unnilpentium (Unp) see dubnium 

Uno (unniloctium) see hassium 

Unp (unnilpentium) see dubnium 

unsaturated hydrocarbons 8: 29 

ununbium (Uub) 18: 40 

ununhexium (Uuh) 18: 41 

ununnilium (Uun) 18; 42 

ununoctium (Uuo) 18: 43 

ununguadium (Uug) 18: 44 

unununium (Uuu) 18: 45 

u-PVC 8: 33 

uranium (U) See Vol. 15 and 
Vol. 18: 46 

uranium fission 152 28-29 

uranium hexafluoride 14: 36 

uranium oxide 15: 34 

uranium-235 15: 28, 29 

uranium-238 15: 11, 17 

urea 11: 13, 23 

Uub see ununbium 

Uuh see ununhexium 

Unn see ununnilium 

Uuo see ununoctium 

Ung see ununquadium 

Uuu see unununium 


Vv 


V see vanadium 

vanadium (V) See Vol. 18: 47; 
4:34, 12: 22 

vanadium pentoxide 13: 28 

vapor 2: 38 

veins 4: 18, 3: 6, 30, 36, 9: 16 

Venus 13:9 

vermiculite 9: 26 

vinegar 1: 31 

vinyl 8: 33, 1 

vinyl chloride 8: 33; see also 
chloroethylene 

vinyl fluoride see fluoroethylene 

viscous 9: 43 

vitreous 2: 9 

Volta, Alessandro 6: 12 

Voltage 9: 34 

von Liebig, Justus 5: 34 

vulcanization 8: 34, 35, 13: 38-39 


W see tungsten 

water 9: 37 

wallboard 3: 30 

washing 3: 

waste glass 9: 40 

water 1: 9, 10-11, 28, 2: 6-7, 10, 
14, 15, 18, 22, 25, 30, 31, 34, 
35, 42, 3: 38, 40, 4: 10, 11, 
18, 8: 36, 9: 14, 26, 28, 29, 
12: 4, 8, 9, 14, 15, 18, 19, 38 

water of crystallization 13: 35 

water supplies 14: 16 

water-softener 3: 40 

waterproof 9: 

weak 1: 29, 31 

weak acid 1: 19, 20, 13: 18, 19 

weak alkali 1: 20 

weather 1: 29 

weathering 3: 12, 19, 9: 18, 19, 
20, 21 

weedkillers 1 9 

welding 12239 

wee batteries 13: 30 

white gold 5: 42 

white lead 1 

white phosphorus 11: 38-39 

whitewash 3: 23 

wolfiam (Hs) see tungsten 

World War 1 8: 31, 13: 40, 14: 26 

World War Il 15: 38 

wrought bronze 5: 20 

wrought iron 4: 28, 29 


Xe see xenon 


xenon (Xe) See Vol. 1 and 
Vol. 1 
xenon-140 1 
X-rays 10: 26, 31, 15: 8, 14, 15, 36 


Y see yttrium 


Yb see ytterbium 
ytterbium (Yb) 18: 49 
yttrium (Y) 18: 50 


Z 


zine (Zn) See Vol. 6 and Vol. 
18: 51 12, 37, 4: 10, 
41, 5: 18, 3 
12: 32, 33, 13: 8, 26, 14: 32 

zine~cadmium battery 6: 13 

zinc carbonate 6: 6, 7 

zine cell 6: 12, 15 

zinc chloride 6: 17, 25 

zine hydroxide 6: 41 

zinc oxide 6:9, 24 

zine sulfate 6: 9, 12, 25 

zine sulfide 43 18, 6: 6, 9, 25, 
13: 12 

zircon 9: 20, 21 

zirconium (Zr) See Vol. 18: 53; 
9:12, 21 

Zn see zinc 

Zr see zixconium 








Knapp, Brian J. 
546 Elements 
P 
wi 
SOUTHWEST REGIONAL 


Atlanta-Fulton Public Library 
OCT 09 2002 


[eb 2e15 


23 SOUTHWEST REGIONAL 





























REINFORCED 
LIBR ARY 


Vv was 13 
0-7172— 





. Lead and Tin 

. Nitrogen and Phosphorus 
. Oxygen 

. Sulfur 

. Chlorine, Fluorine, Bromine, 


. Uranium and Other Radioactive 
. Actinium to Fluorine 


. Francium to Polonium 
. Potassium to Zirconium 





Elements 














Titles in the set 
Hydrogen and the Noble Gases 
Sodium and Potassium 

Calcium and Magnesium 

Iron, Chromium, and Manganese 
Copper, Silver, and Gold 
Zinc, Cadmium, and Mercury 
Aluminum 
Carbon 
Silicon 


Erevem Corettite 


Elements 





Til 


978 1869860844 





